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A CONTRIBUTION TO THE THEORY OF 
REFRIGERATING MACHINES. 
3~ JOHN H. GRINDLEY, D.So., Member, PRINCIPAL, CRAWFORD 
MUNICIPAL TECHNICAL INSTITUTE, OF CORK. 
Introduction.-In the author’s study of Vapour-Compression 
Refrigerating Machines he has often been inconvenienced by the 
fact that the available diagrams, showing the heat properties of the 
refrigerants CO, and NH3, are drawn to scales, the units of which 
are in the C.G.S. system and not in the, a t  present, more familiar 
British units, and the Tables giving the heat properties of the liquid 
and saturated vapours of these refrigerants sometimes show 
discontinuities which mar the conclusions made when discussing 
particular problems requiring a knowledge of differences between 
consecutive or near numbers in those Tables. Hence, since he 
desired to bring to the notice of refrigerating engineers a new 
cycle of operations in refrigerating machines, which would indicate 
that increased performances could be obtained from such machines, 
the author has included in his Paper certain Tables and diagrams 
which he has used in his work, English units being used throughout 
and no improbable discontinuities of moment appearing in the 
Tables. 
Apart from these Tables and diagrams, the discussion from a 
theoretical standpoint of the new cycle of operations referred to 
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forms the main part of this Paper, the advantages of the new cycle 
being clearly shown, especially when the temperature of the 
condensing water is high ; and though the cycle has not been tried 
in practice, so far as the author is aware, a discussion of its merits 
might lead to some conclusions of practical value. 
Description of a New Cycle of Operations.-Fig, 38 shows 
a r+ (temperature-entropy) diagram for CO, giving a particular 
cycle of operations for the refrigerant as follows :-Let ABC be the 
boundary line for the liquid and dry vapour of CO, drawn in the 
usual manner, and let the lines AC and BE be drawn a t  the lower 
and upper temperatures t, and t ,  a t  which the refrigerant takes in 
its heat and, in the main, rejects its heat respectively. Further, 
assume the compression to be dry and adiabatic. 
Starting with the liquid in condition represented by the point B 
just before freely expanding it through the throttle, we should 
by using an expansion cylinder and expanding the liquid to the 
lower temperature adiabatically obtain the refrigerant in condition 
represented by D ;  but, owing to the abolition of the expansion 
cylinder, the actual condition of the refrigerant after free expansion 
is represented by D,, the area under DD, (DD,M,M) being equal 
to the area A,BD, the curve A,B being a constant-pressure line 
through B. The refrigerant now takes up heat represented by 
the area D,CNM, until it becomes dry vapour represented by point 
C, and it is then compressed1 adiabatically as represented by CG, 
until the pressure reaches that given by the constant-pressure line 
EG drawn through E, after which it is condensed back to its 
original state represented by B. 
This is the usual cycle and diagram discussed in the text-books, 
and it is there shown that the work done (W) in the compressor is 
represented (in heat units) by the area ABGCA and the refrigerating 
effect (R) by the area D,CNM,, the ratio w of these two areas 
giving (7) the coefficient of performance. 
It is a well-appreciated fact when using CO, that undercooling 
the liquid before freely expanding it shows a marked improvement 
in the performance of the machine, and it occurred to the author 
R 
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that the following alterations in the cycle would show some gain in 
the performance. 
The cycle of operations in actual machines being a continuous 
one, let the relatively hot liquid in condition represented by B, 
Fig. 38, before passing the throttle be passed through a narrow tube 
surrounded by a second larger tube through which the cold dry 
vapour in condition represented by C before compression passes, 
the liquid and vapour flowing in opposite directions so that the 
transfer of heat can be eEected in as near as possible a regenerative 
manner. By doing this, the liquid could be cooled down considerably 
before being freely expanded, while the vapour would have 
become superheated to practically the upper temperature t,. If the 
specific heats of the liquid and vapour were equal, the liquid could 
be practically cooled to the lower temperature t, while the dry 
vapour became superheated to t , .  I n  reality, owing to the difference 
in the specific heats, the dry vapour takes up heat as represented by 
the area under CH, Fig. 1, which is a constant-pressure line through 
C, and the liquid has been cooled t o  a temperature represented by 
K, where the whole area under BB is equal to the area under CH, 
one area representing the heat given up by the liquid and the other 
that taken in by the vapour. 
Now, the condition of the gas being represented by H, let the 
cylinder be well jacketed by condensing water SO as to produce 
compression as nearly as possible isothermd. The compression 
operation would then be represented by the constant temperature 
line HE, after which the vapour is condensed and returned to 
condition B, where in turn it could be undercooled to K. 
The free expansion operation would then bring the liquid into 
condition represented by L,, where area AKL = area under LL,. 
The cycle of operations is then represented by KL,CHBK. It 
involves :- 
(1) Undercooling of the liquid before free expansion; 
( 3 )  Superheating of the vapour before compression ; 
(3) Isothermal compression. 
Cornpazing this cycle with the usual cycle of operations, we find 
that the work done in the compressor (W) is represented for the 
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Temp. 
Limits. 
'F. O F .  
20 65.7 
10 65.7 
0 65.7 
20 82.5 
10 82-5 
0 82.5 
20 90.0 
10 90.0 
0, 90.0 
latter cycle by ACGBA and for the new cycle by ACHBA. The 
difference between these areas resolves itself into the difference 
between the triangular areas EEG and FCH, a difference obviously 
very small, and we may take the work done to be the same in the 
two cycles. As regards the refrigerating effect (R) the gain is a t  
once obvious, the area under L,C representing the new refrigerating 
effect as against the area under D,C for the old cycle. The ratio 
8 represents the fractional increase in R and the area under LID, 
the net gain in R. 
To give actual figures for the values of W and R in the two 
cycles, the author has calculated in B.Th.U, the numbers given in 
the following Table, the suffixes 1 and 2 distinguishing the old and 
new cycles respectively. 
wl. 
10.9 
14.2 
17.2 
i5.a 
18.7 
21.3 
18.4 
22.4 
26.3 
Upper 
Pressure. W,. 
11'0 
14.1 
17.5 
14.5 
17.9 
21-5 
16'9 
20.2 
23.9 
b. per sq. in 
800 
800 
800 
1000 
1000 
1000 
1200 
1200 
1200 
R,. 
78'9 
79.4 
79.5 
59'4 
59'9 
60.0 
59.2 
59'7 
59.8 
R? . 
93'3 
95.7 
97'6 
79.5 
81.8 
83.6 
79.8 
81.9 
83.6 
51 v, = 111 
- 
7.24 
5.59 
4.62 
3.96 
3.20 
2.75 
3.22 
2-66 
2.27 
- 
3 2  - v, - 11, 
- 
8.49 
6.77 
5.58 
5.48 
4.57 
3.89 
4.73 
4.06 
3.50 
Per cent. 
.ncreaso in 
Perform- 
ance. 
17 
21 
21 
38 
43 
4 1  
47 
53 
53 
The figures in the last column lead to the conclusion that large 
increases in the performance of vapour-compression machines might 
be expected to follow from the adoption of the new cycle, especially 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1038 THEOKY OF REFRIGERATING MACHISES. Nov. 1912. 
when using condensing water at high temperatures. The new 
cycle would therefore be expected to  give the best improvements 
when used in machines working in hot countries. 
For NH, machines an examination of the r-+ diagrams for the 
old and new cycles would show that increases in performance would 
also follow from the adoption of the new cycle, but they may be 
more difficult of realization in practice. Assuming the compressions 
to be strictly adiabatic or isothermal as the case may be, the 
calculations on the T-$ diagram would show a gain in performance 
sometimes as high as 20 per cent., part of which should undoubtedly 
be obtainable in practice. 
The working of the proposed cycle involves two additions to the 
usual machines, first, an efficient water- jacket to the compression 
cylinder, so that the compression may be ns nearly as possible 
isothermal, and second, a simple arrangement of inner and outer 
tubes as described, by which the cold vapour before compression can 
take up from the relatively hot liquid before passing through the 
expansion valve as much of its heat as possible, the transfer being 
accomplished in as nearly as possible a regenerative manner. 
Consiruction of the Tables for  CO, and NH,.-The Notation used 
throughout and, the units in which they are given in the Tables 
are as follows :- 
p = pressure on the refrigerant, lb. per square inch. 
t = temperature O F .  
7 = absolute temperature "F. 
8 = specific volume of liquid, cubic feet. 
v = specific volume of dry vapour, cubic feet. 
L = latent heat of evaporation, B.Th.TI. per lb. 
S = heat of the liquid, B.Th.U. per lb, 
H = botal heat of evaporation, B.Th.U. per lb. 
(p = entropy. 
$w = entropy of the liquid. 
T = 459.6 + t .  
Two other functions are used, i and +, which facilitate 
calculations on refrigerating machines, but which do not enter into 
the Tables, though they will be used later. 
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Table foT GO,.-The Table in Zeuner's Technical Thermo- 
dynamics * formed the basis of the interpolation work necessary for 
the new Table here given (page l050), and the two Tables will be 
found to agree very closely, the figures in the new Table being given 
for every 5" F. The construction of the Table given by Zeuner is well 
described by him ; the only point on which attention need be called 
is that the constants in Mollier's formula for L, namely, L = a 
( b - ~ ) ~ ' ~ ~  are slightly changed from the values given by him to 
a, = 1.2264 and b = 548.03. Recent work seems to indicate that 
the values of L so obtained may be too small, but the evidence i s  
too inconclusive to enable any corrections to be made even if 
necessary. 
TubEe for NH,.-The NH, Table given by Zeuner shows a 
discontinuity which is very inconvenient when making calculations. 
The trouble arises from the fact that two sets of data are available, 
and one of these, which happens to be the more reliable, applies 
only to temperatures above 32" F. After close examination of the 
figures and much calculation, the experiments of Dieterici on specific 
volumes and his calculations of L have been taken as the basis of 
the Tables for temperatures above 32" in the same manner that 
Zeuner adopted. At temperatures below 32' F. use has been made 
of Franklin and Kraus' result that a t  - 27.4" F. the latent heat 
of NH, was 613.8 I3.Th.U. It was difficult to form a good 
connection between this value and the latent heats above 32" F., 
but since it is hardly likely that the latent heat would vary in such 
a manner as is shown by the older Tables, a formula like that 
suggested as an approximate one by Dieterici, namely, L = (G Jtk  - t 
where t, is the critical temperature, should serve to connect the 
values. The only reasonable formula which gives results agreeing 
fairly well with Dieterici's figures above 32" F. and Franklin and 
Kraus' figure for L a t  - 27-4" was found to be 
__ 
L = 40.326 (266.9 - t)0'48 . * (1) 
* English translation by Klein. 
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To illustrate these resultsithe curves on Fig. 39 have been drawn : 
the line AB represents results obtained from (l), the points shown 
as crosses are obtained from Zeuner's Tables, and the point C 
represents Frnnklin and Kraus' result. When the scales on which 
this diagram is drawn, and the uncertainty attaching to any 
particular absolute value of L as plotted are considered, the better 
plan appeared to be to discard the values of L below 32" P. as 
- 
t 
1 -27.4" 
FIG. 39. 
Cortmections between. Luted Heat of 
Evaporation (L) aizd Temperature (t) ,  
for NHs. 
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LATENT H E A T  OF EVAPORATION, B.TH.U. PER LB. 
given by Zeuner and adopt the values given by (l), which have 
many points in their favour. 
The pressure-temperature relation agrees with that given by 
Zeuner, the values of p and T being found to agree with those given 
by a formula of the type given by Nernst, namely, p = A + B log 
T + C T + 7 with suitable values for the constants. The values of 
2 were obtained from this equation. 
D 
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The specific volumes ( v )  have been calculated throughout from 
the values of L, by means of the well-known thermodynamic 
relation 
the values of 8 being taken to vary uniformly from 0.0243 cubic foot 
at - 10" F. to 0.0281 cubic foot a t  105" F. After much exhaustive 
calculation work, the above appears to be the best method. 
Difficulties were experienced in calculating 8, for the existing 
data are so very inconsistent. Above 32" F. Dieterici gives for the 
specific heat of liquid NH, 
and this has been taken to hold for temperatures below 32" F., dl 
other formub showing an improbably large variation of c with t. 
From this equation we get for the heat of the liquid 
c = 1.118 + .001156 ( t  - 32) 
S = 1.118 ( d  - 32) + 0.000578 ( t  - 32)2. 
The calculation of the remaining columns in the Table 
(page 1051) offers no difficulty. 
On certain Diagrams zuhich render easy Calculations on Refrigerating 
Machine Performances.-The well-known T-4 diagrams have simple 
properties appreciated by engineers, for the work done in the 
compression cylinder and the refrigerating effects produced are 
represented by areas on these diagrams. A T-+ diagram for CO,, 
using British units, is given in Fig. 40 (pp. 1042-3), the values of 4 
being obtained from Mollier's diagrams. The determination of areas 
is, however, not a simple matter if any calculations have to be made, 
and Mollier has drawn a diagram for CO,, which has for co-ordinates 
i and 4, where i is a function having the following properties :--* 
1. Changes of i in the refrigerant, while it gains or  loses heat 
at constant pressure, measure directly the amounts of 
heat so gained or lost ; 
2. The change of i in the refrigerant between the lower and 
upper limits of pressure in the compressor measures 
directly the work done in the compressor ; and 
* See Ewing's '' Production of Cold," page 193. 
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PIO. 40.--7 - + Diagram for GO,, the Values 
The work done in the compression-cylinder, and the refrigerating 
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of cp being obtaiwd from Xollier's Diagrams. 
effects produced are represented by area8 on these diagrams. 
0.3 
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FIG. 41.-@ - i Diagram for CO,. After Mollier. 
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3. The value of i remains unaltered by the free expansion 
Hence since the entropy #I remains constant during adiabatic 
operations, a diagram drawn with cp and i for co-ordinates would 
give the work done and the refrigerating effect in  any cycle using 
adiabatic compression as simple differences on the scale of i. 
Unfortunately rectangular co-ordinates render the diagram 
very distorted, and use is made of oblique co-ordinates. Fig. 41 
shows such a $4 diagram using British units for the scales, and 
this diagram will not offer any inconsistencies with Mollier's, since 
it has been drawn by interpolation of the values of (b and i given on 
Mollier's diagram. 
To use the diagram, take for example the compression pressure 
to be 1,000 lb. per square inch, no undercooling, the lower 
temperature of the CO, as 10" F., and the compression adiabatic 
and dry. Then A on the boundary curve represents the 'condition 
of the dry vapour lbefore compression. A line AB, parallel to the 
q5 axis, to meet the constant-pressure line corresponding to the 
compression pressure represents the adiabatic compression. The 
gas is then condensed at  constant pressure as represented by BC, 
where C is on the liquid boundary line, and a line CD drawn at 
right angles to the i axis from C to the 10" F. line, gives the 
point D representing the condition of the refrigerant after free 
expansion, and the line DA represents the final operation of taking 
in heat. In  calculations on W and R, all that is necessary is to 
find the value of the i co-ordinate of each of the points A, B and C, 
for the value of i at C and D are equal. If id, i, and io are three 
such values, then i,- i, = W and i, - i, = R. Numerically with 
the points taken, i, = 103.1, iB = 121.5, i, = 43-2, therefore 
W = 18.4, and R = 59.9 B.Th.U., and 
Though such a diagram for NH, would not be quite so useful, 
since approximations can be made as to the dimensions of certain 
areas on the T-4 diagram, still for good work such a diagram would 
have its use, and the diagram on Fig. 42 (page 1046) is drawn for 
this purpose. 
operation through the throttle-valve. 
= 3.26. 
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[NoTE.-The values of $J and i on this diagram for NH, were 
made with data not so recent or good as that given in the Table of 
the properties of NH,, but these differences will not affect greatly 
any deductions made from this diagram.] 
A similar cycle to the one just described on the GO, diagram, 
and having the same letters A B C and D to represent the same 
conditions of the refrigerant as shown would give the following 
values of i,, i, and ic, 552.8, 648.5 and 5 8 . 2  respectively, giving 
W = 95.7  and R = 494.6 B.Th.U. 
The use of these diagrams has facilitated the author's calculations 
on the vapour-compression refrigerating machine. 
The above described +-i diagrams are of no use however for the 
suggested cycle with isothermal compression, and use has been made 
of a new diagram with i as one co-ordinate and a thermodynamic 
function $ as the other co-ordinate. This function I) (to be 
defined later) has the property of representing the work done in 
the compressor in isothermal operations in precisely the same way 
that i represents the work in the compressor in adiabatic operations. 
Ordinary rectangular co-ordinates suffice, and the Fig. 43 (page 1048) 
shows such a diagram for CO, and Fig. 44 (page 1049) for NH,. 
Taking for example a ;CO, machine working with the upper 
pressure 1,000 lb. per sq. inch, corresponding vapour temperature 
82.5'' F., isothermal compression, and the transfer of heat from 
the relatively hot liquid before free expansion to the gas about 
to be compressed, effected in the manner described for the proposed 
cycle, the operations would be represented as follows. Let A 
represent the dry vapour which will receive heat from the hot 
liquid to raise its temperature to practically 82.5" F. a t  constant 
pressure. B will then represent its conditions. Isothermal 
compression brings it to condition represented by C, and condensation 
brings it to condition D a t  the same pressure and temperature. 
The liquid is then further cooled before free expansion in the 
manner described, but it is unnecessary t o  follow the operation to 
find the drop in temperature, for if i, and i, represent the values of 
i in the refrigerant in conditions B and D, and qB and are 
values of I) at B and C, then the refrigerating effect R = i, - i, 
4 c  
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1048 
TH
EO
R
Y
 OE' R
E
FR
IG
E
R
A
T
IN
G
 M
A
C
H
IN
E
S. 
STO
V
. 1912. 
 at UNIV O
F CINCINNATI on June 5, 2016
pm
e.sagepub.com
D
ow
nloaded from
 
N
ov. 191.7. 
T
H
E
O
R
Y
 O
F 
R
E
FR
IG
E
R
A
T
IN
G
 M
A
C
H
IN
E
S. 
1049 
x t 
m‘ 
 at UNIV O
F CINCINNATI on June 5, 2016
pm
e.sagepub.com
D
ow
nloaded from
 
1050 
T
H
E
O
R
Y
 OF 
REFRIGERATING 
MACHINES. 
N
ov. 1912. 
0
-
 
3
 
J
 
4 
i
 
 at UNIV O
F CINCINNATI on June 5, 2016
pm
e.sagepub.com
D
ow
nloaded from
 
NH,. 
t. 
O F. 
-27'4 
- 10 
- 5  
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
7. 
Absolute. 
449.6 
454.6 
459.6 
464-6 
469.6 
474.6 
479.6 
484.6 
489.6 
494.6 
499.6 
504.6 
509.6 
514.6 
519.6 
524.6 
529.6 
534.6 
539.6 
544.6 
549.6 
554.6 
559.6 
564.6 
- 
Pressure. 
Lb. 
per sq. in. 
14.7 
23.34 
26.44 
29.88 
33.69 
37.89 
42.52 
47.60 
53.15 
59.21 
65.81 
72-98 
80.76 
89.18 
98.27 
108.05 
118.54 
129.77 
141.77 
154.56 
168'16 
182.60 
197'91 
214.11 
231.23 
Lb. 
per sq. in. 
0.5888 
0.6537 
0.7240 
0.7998 
0.8812 
0.9666 
1.0619 
1.1610 
1.2661 
1.3774 
1.4948 
1-6184 
1-7481 
1.8839 
2 ' 0253 
2.1721 
2.3239 
2.4806 
2.6418 
2.8072 
2.9763 
3.1485 
3.3231 
3.4993 
- - 
12.20 
10.77 
9.54 
8.47 
7.54 
6.73 
6'01 
5.39 
4.85 
4.47 
3.95 
3-57 
3.24 
2.95 
2.69 
2.46 
2.25 
2.065 
1.899 
1.750 
1.616 
1.496 
1.387 
1.289 
- 
-45.94 
-40.57 
-35.18 
-29.76 
-24.32 
-18.84 
-13'33 
- 7.80 
- 2.23 
4- 3.36 
8.98 
14.63 
20.31 
26.02 
31.76 
37'52 
43.32 
49.14 
54.99 
60.88 
66.79 
72.73 
78.70 
84-69 
L. 
617.5 
599.6 
594.4 
589.2 
583.9 
578.5 
573 0 
567.5 
562.0 
556.4 
550.7 
545.0 
539.2 
533.3 
527.4 
521.4 
515.3 
509.1 
502.8 
496.5 
490.1 
483.6 
477.0 
470.3 
463.4 
- 
553.7 
553'8 
554.0 
554.1 
554'2 
554.2 
554.2 
554'2 
554 2 
554.1 
554-0 
553.8 
553'6 
553'4 
553'2 
552 8 
552.4 
551.9 
551'5 
551.0 
550.4 
549'7 
549.0 
548.1 
- 
-0.W77 
-0.0740 
-0.0658 
- 0.0623 
- 0.0506 
-0.0390 
- 0.0275 
-0.0161 
- 0.0046 
0.0068 
0.0181 
0.0393 
0.0405 
0.0517 
0.0628 
0.0738 
0.0648 
0.0958 
0.1067 
0.1175 
0.1283 
0.1391 
0.1498 
0.1605 
- 
1.334 
1.307 
1-282 
1.257 
1.232 
1.183 
1-160 
1-136 
1.113 
1.091 
1.069 
1.047 
1.025 
1.003 
0.9823 
0.9611 
0 9405 
0.9201 
0.8999 
0.87~9 
0.8601 
0.8404 
0.8208 
1.207 
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and the work done in the compressor W = qFlg - q!ro for the reasons 
previously given, The actual figures are i, = 123.8, iD = 42.1, 
qlg = 16.45 and qc = - 1-42, so that R = 81.7 and W = 17.87, 
and -q = 4-58, an increase oft 40 per cent. for the new cycle. 
A similar cycle on the $4 diagram for NH, would be represented 
by A B C D. . . , the same letters denoting similar conditions on the 
two diagrams. 
Proofs of the conclusions named when referring to the functions 
i and $, the former being culled Ehe enthalpy.-Com’mencing with the 
fundamental thermodynamic relation, using heat units throughout, 
d H = d U + p d v  . (1) 
or dH = Td$ = d (u f p v )  - rdp 
write i = u +pv, 
so that dH = di - “ap . * (2) 
I n  an adiabatic operation dH = 0, so that di = cdp, and between 
limits 
i, - i, = pp, 
and the right hand side of this represents at once the area of the 
work-done diagram in the compressor, so Chat the change of i 
measures the work done in the compressor. 
From the equation (2) if dp = 0, that is, during a constant 
pressure operation, di = dH, so that the second property of i, 
namely, that  it measures the heat taken in or rejected during 
constant-pressure operations, is proved. 
That i is unchanged by a free expansion operation is obvious 
from its definition, for i = U + pv by definition, and since U + pv 
measures the whole stock of energy possessed by the substance, and 
no work being done or heat supplied to the substance on the whole 
during a free expansion operation, the value of U + p v  will be 
unchanged in the substance passing through the orifice, and hence i 
remains unchanged. 
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Now consider the thermodynamic function $ defined by the 
equation 
thus since from (2) 
t )= i -$s  
rd+ = di - vdp, 
or 
01 
we get the  result 
In an  isothermal operation dr  = 0, so that 
and between limits 
a+ = - +ar +- .ap. 
a+ = vdp, 
.2 
$2 - $1 = 1 UdP, 
so that changes of + represent the work done in the compressor if 
the compression is isothermal. 
The Paper is illustrated hy 7 Figs. in the letterpress. 
[The  Discussion on this Paper was combined with that on the Paper 
~ I J  Mr. J. Wemyss Anderson, and commences overleaf.] 
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Discussion on Friday, 32nd Nocember 1912. 
The PRESIDENT proposed a hearty vote of thanks to the authors 
for their very interesting, instructive and useful Papers, which he 
hoped would lead in the future to the clearing up of the various 
difficulties which the subject presented. 
The vote of thanks was carried with acclamation. 
Professor C. FREWEN JEXHIN (Oxford University) thought all 
would agree with him in stlying that Mr. Anderson’s Paper 
collected together a, very useful summary of the present practice in 
refrigeration in all its subdivisions, and he also thought all would 
agree that Dr. Grindley’s contribution indicated that he had done 
a. great deal of work in the preparation of Tables such as had been 
placed before the Institution and that his new diagrams were very 
ingenious and interesting. He  (Professor Jenkin) desired, however, 
to offer some perhaps rather severe criticisms on both Papers, but 
he hoped the authors would not think he did not value them on 
that account. 
H e  thought it was a great pity that both authors had used the 
Fahrenheit degree instead of the Centigrade degree. He  was not 
an advocate of the Continental units; he thought they were 
usually quite as troublesome as British units, which were bad 
enough, but he did consider that  the Centigrade degree had an 
enormous advantage. Without adopting the kilogram or the metre 
or any of the foreign units a t  all, the use of the Centigrade degree 
a t  once made all the Continental diagrams similar to the English 
ones. The Continental diagrams were given for calories per kg. of 
stuff, that was, kilogram-centigrade degrees per kilogram ; and the 
English diagrams were given for 1b.-degrees per lb. The result 
mas the two weights cancelled out and the diagrams were identical. 
Also the latent heat, the total heat I, the entropy and the specific 
heats were the same in  English, French, and German if the 
Centigrade degree was used. The Fahrenheit units were now 
being omitted from most of the books. Ewing’s “ Steam Engine ” 
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and “ Mechanical Production of Cold,” and the Cambridge Steam 
Tables, and Wimperis’s books amongst others, were all in Centigrade 
degrees, and he thought it was a step backwards to use the 
Fahrenheit degree. 
He  
thought Dr. Grindley’s ingenious suggestion was really almost 
impossible, and he was very sorry that the author had not given 
any hint as to how it could be carried out. Dr. Grindley suggested 
that isothermal cooling would give an enormous advantage. His 
interchanger of heat was of no use a t  all unless a t  the same time 
one could do isothermal cooling. All were familiar with the great 
advantages of isothermal cooling in air-compressors. Most makers 
used duplex or triplex compressors, compressing in stages and 
cooling between as an approximation to isothermal compression, 
but he had not heard of anybody who had succeeded in compressing 
air isothermally, and it seemed to him to be impossible. He  had 
prepared five diagrams t o  show the differences in the cycles, and 
what could be done and what could not be done. 
The Paper he had most to say about was Dr. Grindley’s. 
FIG. 45. 
I 
I 
I 
I 
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I 
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(Professor C. Frewen Jenkin.) 
Fig. 45 was drawn to the same scale as Dr. Grindley’s and 
showed the three ordinary cycles, and corresponded to the third 
example in his Table (page 1037). 
1056 
B D, F E was the wet compression cycle. 
B D, C H E was a special cycle, assuming that isothermal 
compression was possible ; the isothermal compression was 
represented by the line H E ; it could not begin at C because the 
cooling water was not cold enough. This cycle saved the work 
represented by the triangle H G E. 
Fig. 46 showed Dr. Grindley’s proposed cycle, I< L, C H E ;  
the line C H showing the effect of the interchanger. 
Finally, K L, C H G E showed what would happen if isothermal 
compression was, as he believed it was, impossible. 
The results of these five cycles were shown below :- 
BD, C G E  ,, dry 9 9  97 
Cycle 1. Wet compression . . . 
2. Dry I’ . . .  
3. ,, ,, &isothermal) 
in partj 
4. Dr. Grindley’s Cycle . . 
5. I ,  ,, ,, adiabatic I 
compression J 
R w 
5.09 
5.05 
5.45 
6.8 
5.04 
Heat rejected. 
0 
0 
13.7 
24.8 
0 
Relative 
vTolumes. 
15 
19 
19 
21 
2 1  
The Table” showed that the interchanger did no good without 
The second column showed the heat rejected in the cylinder- 
isothermal compression. 
if such rejection were possible. 
* The comparison of the volumes of the cylinders made in the foregoing 
Table was not quite fair to Dr. Grindley. The cylinder volumes should be 
compared “ per unit refrigeration,” On this basis Dr. Grindley’s cycle would 
be the best. 
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The third column showed the relative volumes of the cylinders 
per pound of refrigerant. 
The larger size of Dr. Grindley's compressor was a serious 
disadvantage. H e  would be glad if Dr. Grindley would make 
some suggestion as to how isothermal compression could be carried 
out;  it would be of great value not only in connection with 
refrigerating machines, but in connection with many other types 
of machine. 
Turning to Mr. Anderson's Paper, he noticed on page 1000 the 
author did not include Question g; he only spoke of it, but he 
(Professor Jenkin) thought it was a most important matter. It 
referred to the need of accurate data for the refrigerants; it 
appeared to him of very great importance that accurate data 
should be obtained. He had himself been working for more than 
a year on CO,, and had extended the range of the data available 
from - 30" C. down to - 50" C., and he believed he had corrected 
a good many small errors and had obtained more accurate figures 
than were given by Dr, Mollier, but of course he could not place 
them before the members that night. 
Mr. GARDNER T. YOORHEES (Member, American Society of 
Mechanical Engineers) said he considered it an honour to be 
invited to speak on the two Papers that  had just been read. H e  
had very little criticism to make on Mr. Anderson's Paper, except 
that he might say a word or two in regard to American practice. 
I n  the first place, in America an absorption machine would in every 
case hold its own with a compression machine-at least, as the 
latter was a t  present constructed. The question of the relative 
values of wet and dry compression was dealt with rather vaguely 
in the Paper, but as that  matter was to oome up at  a meeting of 
the Cold Storage Association in December he would not touch on 
it at that moment. I n  the United States it was not considered 
wise to superheat the vapour above the temperature of the 
refrigerator; i f  one did's0 the capacity fell off. It was usually 
found that if as much heat as possible was taken out from 
the vapour, the compressor did not do as much work as it 
otherwise would do. 
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H e  wished to refer to a matter which he had noticed in all 
works and Papers on refrigerators. On page 1021, Mr. Anderson, in 
calculating the capacity of the compressor, came down from 550 to, 
say, 450 B.Th.U. net under certain conditions which were referred 
to in the Paper, one of the most important of which was the 
amount of vapour formed as the liquid passed the expnnsion-valve. 
But one very important item that was not mentioned in the Paper 
was the converse of what happened in the steam-engine. It was 
well known that, in operating a steam-engine, the steam consumption 
which should be obtained according to the indicator-card was not 
obtained. There was a great deal of loss due to the cylinder 
condensation, and that cylinder condensation was, a t  any rate with 
saturated steam, a direct function of the difference between the 
temperature of inlet and outlet steam, that is, the temperature of 
the steam coming in and the temperature of the steam of the 
exhaust. With the compressor just the reverse took place, and for 
exactly the same reason-that there was a certain amount of 
cylinder superheating which took place. The gas coming in  from 
the refrigerator was superheated, and therefore was not so dense as 
it should be, did not weigh as much as it should, and it was also a 
function in the difference in the temperature of gas discharged and 
the temperature of gas sucked in t o  the compressor. That brought 
him to the question of volumetric efficiency. It was stated in the 
Paper that the one pound of NH, vapour, under suction pressure 
given, occupied 9 . 1  cubic feet. Actually, it was not 9 .1  cubic feet, 
but .  a good deal more. In  fact, for the particular conditions 
mentioned, the volumetric efficiency of the compressor was 85 per 
cent. and not 100 per cent. as stated. I n  other words the figures 
given, if it was presumed the other allowances should hold, would 
have to be increased in that ratio, or by 173 per cent.-quite a 
perceptible factor. 
H e  
himself had spent a oonsiderable time in translating Mollier’s metric 
figures into English figures and making a diagram, and he knew 
how many hours of tedious and hard work it meant. As he had 
pointed out in an article which was published recently in some of 
H e  had been greatly interested in Dr. Grindley’s Paper. 
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the British papers, it was impossible for any refrigerating engineer 
to work out satisfactorily or analyse any problem on a CO, machine 
without the use of Mollier's diagram-a diagram which Dr. Grindley 
had translated into English units and put in,his Paper. I n  addition, 
Dr. Grindley had published a very valuable ammonia diagram, and 
some extremely valuable new diagrams which must have required an 
enormous amount of labour. He  had made a few notes on the new 
system that Dr. Grindley had proposed in the Paper for utilizing 
some of the cold or taking out some of the heat in the liquid coming 
from the condenser to the refrigerator, but Professor Jenkin had 
anticipated much of what he intended to say. Taking the average 
case-the same that Dr. Grindley took, 10" F. and an 8 2 g  F. 
condenser for CO,, as given on page 1037, the fifth line of the Table 
-it would be found (and although Dr. Grindley did not give the 
figure it could be arrived at by dividing R, by R1) that 37 per cent. 
more refrigeration was obtained, and 43 per cent. more performance. 
That was put forward as showing the theoretical advantage of the 
new system. He (Mr. Voorhees) believed, however, that in practice 
it would be impossible, except with an unpractical slow-speed 
compression or an unpractical small bore and long stroke, to transmit 
the heat of compression through the cylinder wall to the jacket- 
water-to water of the same temperature as the condenser; and 
therefore in practice adiabatic compression instead of isothermal 
compression would result. In  other words, he did not think 
isothermal compression could be obtained, but that the compression 
would follow the adiabatic line almost to the very last eighth of 
the stroke. , 
Referring to Mollier's diagram (page 1044), he had applied the 
following conditions to it. A practical exchanger would exchange 
heat from the liquid to the vapour, say, to within 1 2 g  of the hottest 
liquid, which would give 70" vapour to the condenser. That would 
cool the liquid to 68", and showed, by the same diagram, 28 per cent. 
more refrigeration ; but also by the same diagram it required 35 
per cent. more power, and obviously no gain resulted, but a loss. 
As, however, the vapour entered the compressor a t  70" in place of 
0", and as the compressor discharged, for the same diagram, at  
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222' in place of 155', it was evident that in the first place the gas 
was less dense and therefore took up more volume for the same 
weight ; and, secondly, there was a greater difference in temperature 
of the discharge gas from the compressor and the inlet gas to the 
compressor. Therefore the volumetric efficiency of the compressor 
would be less, and the compressor had to be larger. H e  estimated 
an 18 per cent. larger compressor would be necessary, which of 
course increased the power required in the same ratio, from 35 
to 41 per cent.-that was, 41 per cent. more power than the old 
method. Comparing the refrigeration and power in the old and 
new methods, he found that the performance of the compressor would 
be 20 per cent. less ; that was to say, thermal units extracted from 
the refrigerator, divided by the thermal units exerted in the 
compressor in the CO, machine, would, he believed (taking the 
figures in the fairest way and taking figures which he had used 
and on which he had predicted results which came out almost 
substantially as he had predicted) come out 20 per cent. less in the 
new system. The 
theory was all right so far as it went, but it did not take into 
account the volumetric efficiency and the increase in  bulk of the gas, 
and so forth. As the NH, compressor should be theoretically less 
helped by the new process than the GO, compressor, it seemed that 
in  practice a loss in the performance of NH, compressors would also 
always result from the new process. A further reason why a loss 
would result, in addition to what he had stated, was that one could 
make an exchanger where the vapour from the refrigerator did not 
pass through a pipe surrounding the liquid pipe ; it could be passed 
round the pipe in such a way as not to have so much friction ; yet 
there would be a tendency for friction to occur between the 
evaporator and the compressor, which did not a t  present exist, which 
would still further reduce the suction pressure, and therefore reduce 
still further the capacity of the compressor below the figures 
stated. 
That was not due to any defect in the theory. 
Mr. F. A. WILLCOX (Dartford) said that his firm (Messrs. 
J. and E. Hall, Ltd.) regretted that they were unable to 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
Nov. 1912. REFRIGERATING MACHINES. 1061 
supply Mr. Anderson with information as to the machines they 
manufactured and their practice in refrigeration, owing to great 
pressure of work at the time. 
Referring to the Paper, on page 950 the following passage was 
found : ‘‘ The ‘ enormous progress’ has, however, been more of a 
commercial nature than a scientific one; indeed, no branch of 
mechanical science has received less aid in this country from 
research or from published accounts of practical progress than that 
of mechanical refrigeration.” This was followed by a statement of 
the fields of possible research. These remarks of the author were 
astonishing, and he (Mr. Willcox) found it difficult to imagine on 
what evidence they were founded. It seemed to him that such a 
statement could only be the result of a lack of knowledge of what 
was going on in the large establishments, which devoted their 
energies to the manufacture of installations for the purpose of 
mechanical refrigeration. It would be of interest if Mr. Anderson 
would explain how he differentiated between progress of a 
commercial nature and progress of a scientific nature. Any 
development which resulted in the application of natural laws to  
the service of man was a scientific development, and it was none the 
less scientific because it happened to be of commercial value. Did 
the author mean to contend that the labour and thought involved 
in developing the multifarious applications of refrigerating 
machinery in the industries of the country were not of a scientific 
nature because the applications were of benefit to commerce, and 
would he ask the members of the Institution to believe that the 
development of the use of refrigerating machinery for the 
transport of perishable produce over long distances had been 
achieved without the aid of scientific knowledge and without the 
use of scientific methods? If so, he was afraid he would have 
great difliculty in persuading a body of practical engineers to  
accept his view. These great developments had been achieved 
by the combined efforts of the users, consulting engineers, and 
manufacturers engaged in the industry, and he had no hesitation 
in asserting that they were of a scientific nature. 
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Speaking of his own firm, whose energies had been principally 
devoted to the development of the CO, machine and its application 
for the purposes of refrigeration in  marine and land practice, he 
would say that the machine, when they first came in contact with 
it, was of the laboratory type, and a very large amount of time, 
labour, expense, and scientific thought and investigation had to 
be expended upon it before it was converted into a practical 
machine. They did not rest there ; the theoretical possibilities of 
the machine were thoroughly investigated, and investigations 
were undertaken to determine to what extent it was advisable 
to modify the machine with a view to improving the coefficient of 
performance, always keeping before them the two following points : 
(1) That a refrigerating machine must be absolutely reliable 
under all circumstances. The failure of a machine would involve 
such serious loss that any modification introduced for improving 
the coefficient of performance, which would adversely affect the 
reliability, would not be justified. ( 3 )  Since the machines had 
to work under conditions and in situations where they did not 
receive highly-skilled attention and where it was impossible to 
obtain immediate aid in case of breakdown, they must be simple 
in operation. Pursuing this object, they had carried out trials of 
the following nature :- 
(1) Cooling the liquid as it left the condenser, by allowing it 
to run into a receiver and by evaporating part of it into an auxiliary 
compressor or one end of a compressor according to the system 
devised by Professor Windhausen. These trials were carried out in 
conjunction with Professor Windhausen. The same principle had 
recently been brought forward, in which the gas from the receiver 
was admitted into the main compressor by means of a mechanically 
operated valve or by using a compressor with circumferential ports 
at the end of the stroke. 
(3) Compound compression with intercooling between the two 
stages. 
(3) Compound compression with a suction interchanger, in 
which the liquid flowing from the condenser was cooled by the 
gas passing from the evaporator to the compressor. 
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(4) The ordinary machine fitted with an expansion cylinder. 
( 5 )  The ordinary machine working under all practical ranges 
of temperature. 
As a result of their investigations, his firm continued to 
manufacture the machine in its simple form. He would point 
out that investigations on the use of the expansion cylinder, and 
he believed on other methods of liquid cooling, were carried out 
by Kramer of Augsberg, who, he thought, was connected with 
Messrs. Riedinger, and they still continued to manufacture 
machines on the same lines as Messrs. J. and E. Hall. Beyond 
these investigations they had recently carried out an extensive 
series of trials of ammonia-compression machines under all practical 
ranges of temperature. These trials were begun some weeks 
before the Papers by Messrs. Tegelmeyer and Shipley on “Wet  and 
Dry Compression ” were read at the last meeting of the Association 
Internationale du Froid, and the results obtained indicated quickly 
that there was some advantage to be obtained by working the 
machine with the discharge gas superheated, over the method then 
in general practice of maintaining the temperature of this gas a t  
the outlet temperature of the circulating water. 
Turning to the question of cold storage to which the author 
referred, about two years ago Messrs. J. and E. Hall put down a t  
the Pathological Laboratory of the University of Cambridge an 
installation by means of which, in conjunction with Professor 
Sims-Woodhead, they had carried out a number of experiments 
on the preservation of chilled beef, paying special attention to 
bacteriological action and the effect of temperature and preservative 
agents. Further, in conjunction with some Australian friends, 
investigations had been made on defrosting frozen meat. At the 
present time in conjunction with Sir Charles Parsons they were 
making investigations of another character in connection with this 
industry. 
He  had referred to the work of his own firm because with 
regard to this he had positive evidence, but it was quite apparent, 
from the class of installation of other manufacturers and, he thought, 
common knowledge, that they had made investigations which had 
4 D  
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heen of great value in the development of the industry. The author 
stated (page 999) that “ British refrigerating machinery by the 
leading makers is quite in keeping with the best traditions of 
the British engineer, but it would be idle to contend that the 
machines and their method of working are not capable of 
improvement.” Of course, English manufacturers would appreciate 
the acknowledgment that their engineering practice was up to the 
best British standard, and all of them would agree with the author 
that finality in the development of the machine had not been 
reached ; but he (Mr. Willcox) most strongly contended that the 
scientific progress made by British manufacturers was as great as 
the progress made by manufacturers in any other country. On 
the Continent they found that such firms as Linde, Sulzer, Escher 
Wyss, Borsig, and many others had been working on these 
machines for many years and with the result that their practice 
was identical with that of British manuiacturers. The same might 
be said of the United States of America, where probably more 
machines were constructed and in use than in any other country. 
Mr. Anderson defined two outstanding wants in refrigeration : 
(1) A standard unit of refrigeration; (2) A standard machine of 
comparison. H e  understood that the object of satisfying these 
wants would be to benefit the manufacturer and user. I n  the 
speaker’s opinion these wants were not experienced by either party, 
and any attempt to make these definitions would be of no practical 
value. It was his firm’s experience that they seldom obtained two 
inquiries alike: one might be to make so much ice under one set 
of conditions, another to make it under different conditions, another 
to cool stores and make ice in addition, and so forth, and the 
machine and plant had to be separately estimated for each inquiry. 
It would be an improvement if the term “ ton of refrigeration ” 
were abolished and English speaking manufacturers defined the 
capacity of their machines in the same manner as was done by 
Continental manufacturers, that is, by stating the number of 
frigories extracted between given limits of temperature. 
Referring to the items of research recommended (page 1000) : 
(a )  The Relatioe Eficiencies of the princ@al Refrigerants at varping 
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Ten1peraticres.-Most of the large manufacturers now made both 
CO, and NH3 machinesIand some made, in addition, SO, machines, 
and they were well aware of what each machine’s capabilities were. 
It was admitted that there was a field for the application of each 
type of machine, and it was somewhat difficult to see what useful 
purpose would be served by this Institution expending its funds in 
this direction. 
(6) The Advantages and Disadvantages of both Wet and Dry 
Compression.-Since Mr. Anderson had prepared his Paper, 
Tegelmeyer and Shipley had both read important Papers on this 
subject; and from the experience gained in his own firm’s 
investigations, he would agree with Tegelmeyer that it was 
sometimes advantageous to worb on one system, sometimes on 
the other. 
( c )  The Value of Coompouwd Compression.-In this country the 
Linde British Refrigeration Co. and Messrs. Haslam had long 
made machines on this system, and presumably had quite satisfied 
themselves as to what the advantages were. On the Continent 
Messrs. Sulzer and other makers (he believed) had also made 
machines on this system which had been described in technical 
journals. 
(a) Charge of Gas.-This was essentially a matter for practice, 
and he would say that all manufacturers knew what the effect 
was. Generally speaking, an increased charge or an overcharge 
within limits increased the output and the power required in the 
same proportion. 
(e) The Value of Cooling the Liquid Refrigerant by the Euaporator 
before Ezpanaion.-His firm had made trials on these lines and had 
found no practical advantage. He believed that trials had also 
been made in Germany, and as the system was never used, 
presumably their results had been the same. The system involved 
an expensive complication, and it could only be justified if it 
effected a substantial improvement in the performance of the 
machine, which was not his firm’s experience. 
(f) Deterioration of Refrigerant.-As regards GO,, they had 
never had the quest.ion raised, and they had now supplied 
4 ~ 2  
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considerably more than 3,000 machines. As regards NH3, he had 
heard it stated by one engineer having charge of several large 
plants in Australia that deterioration did take place, and it was 
asserted by one of their staff that the gas, if a t  high temperature, 
decomposed into hydrogen and nitrogen so that it could be ignited. 
Speaking from his own experience, after a machine had been 
running continuously for some three months, and for a considerable 
part of the time with condenser water over 90" F., he fixed a Davy 
lamp arrangement on a cock on a discharge pipe of the compressor, 
and while the gas was leaving the compressor a t  a temperature of 
300" F. he applied a light with the result that  the light was 
extinguished. This did not prove that deterioration did not take 
place, but the only way to make an investigation of this sort was 
on a fairly large plant in constant operation, and from which 
samples of gas and liquid could be taken a t  intervals and carefully 
analysed. The Paper was of undoubted interest, but it seemed to 
the speaker to be a pity that the author considered it necessary to 
make a remark which cast an unmerited reflection upon those in  
this country who had been concerned in the development of this 
great industry. 
Mr. J. T. MILTON desired to thank Mr. Anderson for having 
sent to him, as the President of the Cold Storage and Ice 
Association, an invitation to be present that evening. The 
invitation arrived while he was abroad, and as he had not been 
home very long, he had not been able to ascertain the views 
of the Cold Storage and Ice Association. But he felt certain 
that if the Institution of Mechanical Engineers did appoint a 
Committee of Research, and in that way carry on similar work 
to that  which they had so usefully done in  other branches of 
Engineering, the Cold Storage and Ice Association would be very 
pleased t o  nominate some one, if invited to do so, to represent 
the users. 
Mr. R. J. CRACENELL desired to refer to the criticism of 
Mr. Anderson with regard to the absorption machine, Mr. 
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Anderson said that that machine could not hope to hold 
its own against the compression machine. He (Mr. Cracknell) 
would give certain results that had been obtained with the 
absorption machine, which would show that that was by no 
means the case. The absorption machine would produce a ton 
of ice per day with 48 lb. of steam per hour, including the 
power for all auxiliaries. In  an ice factory on the compression 
system the power required, including power for auxiliaries, was 
never less than 3 h.p. per ton of ice, and was sometimes as much as 
4 hap. Taking an ice factory, say from 20 to 50 tons ice-making 
capacity, and assuming a horse-power of 3& per ton of ice (the total 
power was often 50 per cent. greater than the actual power required 
by the compressor), and assuming in such a case that the power 
was provided by a compound condenser engine using 16 lb. of steam 
per h.p., the steam consumption would be 56 lb. per ton of ice as 
against 48 in the case of the absorption machine. I n  a 20-ton ice 
factory recently erected by his firm (Messrs. Ransomes and Rapiers) 
in Holland on the absorption system, a test showed it was capable 
of making 159 tons of ice per ton of coal. In that figure was 
included power for all the auxiliaries, and for driving a dynamo 
for electric light and for supplying power to an adjoining workshop. 
I n  the first six months’ running of that plant, taking the total ice 
made and total coal used and allowing for stoppages on Sundays, 
the result showed 14 tons of ice per ton of coal. For that same 
plant several Continental manufacturers of compression machines 
quoted prices, and the highest guarantee was given by a leading 
German firm, namely, 13 to 1. 
H e  might also mention two instances where absorption machines 
had been installed during the past year in ice factories, which had 
hitherto been on the compression system. The compressors were 
shut down and the engine run to drive the auxiliaries, the exhaust 
going to the generator of the absorption machine. I n  both cases 
a very large saving of coal had resulted. Those instances were, he 
thought, sufficient to show that the absorption machine could more 
than hold its own. Of course in. cases where exhaust steam was 
available, as suggested by the author of the Paper, no question of 
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competition would arise, as with the absorption machine, results 
could be obtained which were not possible in any other way. 
Discussion on Friday, 20th December 1912. 
Captain H. RIALL SANKEY (Member of Council) desired to call 
attention to Appendix I1 (page 1003) of MY. Anderson’s Paper, 
where the principles of refrigeration were set out in compni.atively 
simple differential equations. H e  looked upon this Appendix as a 
most excellent example of the use of combined analytical and 
graphical methods, and he thought the author was to be 
congratulated on the way in which he had treated that part of 
the subject. The differential equations could be solved, but then 
they became exceedingly long and cumbrous expressions which 
very few could readily follow. But when they were put in  a 
graphical form quite a simple Figure was obtained, such, for 
instance, as Fig. 35 (page 1013). The curved and straight lines in 
that Figure were the graphical analogues of the long and cumbrous 
expressions mentioned above. 
As an example of the simplicity of graphical solutions, he would 
refer to Fig. 46 (page 1055), drawn by Professor Jenkin, which was 
partially reproduced in Fig. 47. The curve represented the 0 4  
chart for CO, ; T~ was the higher temperature and r2 was the lower 
temperature. Dr. Grindley was desirous of compressing isothermally, 
that is, from H to E, in order to improve the “coefficient of 
performance ” of the cycle. But Professor Jenkin pointed out that 
in practice the compression would probably be adiabatic, that is, 
along H G ,  requiring a large amount of work, so that the cycle would 
piactioally not be so efficient as the one now in use. I f ,  however, 
the compression were done in two stages with intercooling, there 
would be adiabatic compression up to the point 0 ; then cooling 
at constant pressure along 0 P, followed by adiabatic compression 
along P K, and cooling a t  constant pressure along I( E, and the 
work represented by the area K G 0 P would be saved. If the 
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compression were carried out in three stages with intercooling, 
then a diagram like H Q R S T V E was obtained, showing a further 
saving in work ; and obviously, with an  infinite number of stages, 
isothermal compression along H E was obtained. 
With reference to the rating of refrigerating machines, it 
seemed to him that the difficulty pointed out by Mr. Anderson 
was the same as that which occurred in connection with steam- 
engines when the performance was compared by the number of 
pounds of steam required for the feed. In the case of the steam- 
engine, that was not a true comparison, becauge the pounds of 
FIG. 47. 
Compare FIG. 46. 
steam did not necessarily contain the same amount of heat, and 
that was particularly true if superheated steam were used. The 
Committee of the Institution of Civil Engineers on Engine and 
Boiler Trials adopted a term called the “equivalent feed”; a 
factor was obtained depending on the steam conditions by which 
the actual feed was to be multiplied, and thus the equivalent feed 
was obtained. This factor was the ratio of the heat supply to the 
steam, reckoned from the exhaust temperature divided by 1,100. 
For example, if the actual feed was 8.9 lb. with superheated 
steam, the factor might be 1.2,  and hence the “equivalent feed” 
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would be 8 - 9 x 1 2 = 10 * 68 : and that, compared with a saturated 
steam - engine using 12&, would be the real comparison and not 
the 8 * 9 as compared with 12  5. 
As regards the standard of comparison, it seemed to him that 
two criteria were wanted ; the first, being for the user who desired 
to know what the cost of running his machine would be when 
cooling a certain amount of liquid, and that cost must include all 
losses due to subsidiary machinery, leakages, conduction, and so 
forth. That measure corresponded to the number of pounds of coal 
burnt per '' kw.-hour sold," a general expression used in the czse 
of a central electric station. But the engineer also wanted a 
standard of comparison, and what was that standard to be! It 
was generally taken as the Carnot cycle, or rather the reversed 
Carnot cycle ; but Mr, Anderson had shown (page 1016) that the 
true cycle for a compression machine was the inverted Rankine cycle, 
and a t  the bottom of the page he gave the coefficiency of performance 
as 8.2. The Carnot cycle between the same temperatures, namely, 
528" F. absolute and 474" F., had a coefficiency of performance of 
8.8 ,  or  approximately the Rankine cycle was about 7 per cent. 
less efficient than the Carnot. On page 1018 the coefficient of 
performance for dry compression, that is, with superheat, was shown 
to be 7.12,  but the Carnot cycle for the range of temperature 
between A E  and B C  on Fig. 37 (page 1017) gave a coefficient of 
performance of 8.8 as before, the temperature being the same. 
If the extreme ranges of temperature were taken, that  is, the 
superheated temperature, which was worked out by the author as 
682' F., then the coefficient of performance became 2.28. The 
coefficients of performance depended, therefore, very greatly on 
the ranges of temperature that were taken. Which of them was 
to be selected for a standard ? 
I n  his opinion the requirements for a standard were: (1) 
that the cycle of operations should be as nearly as might be that 
of the actual machine, having reference to the substance in  use; 
(2) the standard should be free from all losses; (3) the data for 
computing the standard should be easily ascertained by simple 
measurement ; (4) the expression for the coefficient of performance 
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must be a simple one. The first condition and the third and 
fourth were antagonistic ; the  standard would, therefore, have to 
be a compromise, and it seemed to him that the only satisfactory 
way would be to entrust the matter to a committee. 
I n  conclusion, he would ask Mr. Willcox, who spoke on the 
last occasion, whether he could not give some information as to 
the results obtained in the extended experimental work that had 
been carried out by his firm at Dartford. The object of the 
discussions a t  the Institution was to obtain information from the 
members and from visitors. A mere recital of experimental 
work done, without giving any information as to results obtained, 
did not help very much. 
Mr. G. T. HARRAP thought the two Papers were of a most 
interesting character and dealt with a subject which had not been 
discussed for a considerable length of time. Dr. Grindley’s 
contribution to the theory of Refrigerating Machines was a 
valuable exposition of the question, but he looked at it from his 
own point of view. During the sixteen years he (Mr. Harrap) 
was editor of Ice and Cold Storage there had been placed before 
him a t  times for publication a number of diagrams of a similar 
character to those shown in the Paper, and as he had to test 
them he quite appreciated the enormous amount of labour the 
author must have performed in producing such very excellent 
diagrams. The result, however, did not quite coincide with the 
ideas the author had in view, namely, that by precooling so much 
advantage was to be obtained. The idea of precooling was not 
new by any means; and, although on special occasions it was 
used a t  the present time, he knew of no invention brought out 
during the last thirty years in connection with the matter which 
was now in use. The effectiveness of applications was dependent 
upon the economy of the entire system. It was of no advantage 
to say that, from one particular portion of the system, economy could 
be obtained if it was lost in another. Hence, precooling was not 
usednowadays. At  the same time it must beacknowledged that 
Dr. Grindley’s efforts had produced some very valuable diagrams 
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t h t  had not been available before, and there was no doubt that 
for educational purposes they would be of considerable value. 
With regard to Mi-. Anderson’s Paper, he was equally struck 
with Mr. Willcox by the remarks made in the second paragraph 
a t  the top of page 950 : ‘‘ The ‘ enormous progress ’ has, however, 
been more of a commercial nature than a scientific one ; indeed, no 
branch of mechanical science has received less aid in this country 
from research or from published accounts of practical progress than 
that of mechanical refrigeration.” H e  himself had been associated 
with meclisnical refrigeration for over thirty-five years, as a 
scientist originally, and that quotation did not agree with his 
view of what had happened. Since Harrison’s work of 1855-1860, 
and his memorable patent of 1857, he did not know of any 
progress that had been made except that due to scientific research, 
either independently or by the actual manufacturers themselves. 
Whether they had cared to give away that information or not 
was another matter, but the fact still remained, as he knew 
from experience, that  researches had been made by a number 
of manufacturers with the assistance of very good scientific 
experts. 
With regard to the statement made by Mr. Anderson with 
reference to the absorption machine (page 950), he thought it was 
only fair to point out that that machine still possessed great 
possibilities, and it was being used economically a t  the present 
time with good results. There was no doubt about it from actual 
experience that it possessed many possibilities for the future. The 
actual calculations given in the diagrams seemed to run very much 
on the same lines as those dealt with for many years past, but he 
was very sorry to find that two of the principd manufacturers were 
not represented by diagrams and illustrations of their machinery- 
Messrs. J. and E. Hall and Messrs. Linde. Messrs. Hall’s 
representative had already explained why his firm did not send 
the diagrams, but apparently there was nobody present to explain 
why Messrs. Linde had not sent diagrams. He understood from 
Mr. Anderson now that they were very busy a t  the time and were 
not in a position to provide the information. 
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Passing over various detailed matters referred to in  the Paper, 
which he did not think for present purposes it was necessary to 
refer to, it seemed to him the principal point was the conclusions 
arrived at, apart from the question of the discussion, as to the use 
of dry compression and wet compression, with refeyence t o  which 
he thought it was only necessary to say that the original machines 
were calculated and built on a dry-compression basis, and were 
ultimately worked on a wet-compression basis from purely practical 
considerations. He  knew that one of the machines at least had 
been working for thirty years on a wet-compression basis, and it 
had never had a cylinder bored ; it was still running as efficiently 
as ever, which proved that at any rate, in adopting the wet- 
compression basis, practice in that particular instance overrode 
theory. H e  did not for one moment wish to contend that the 
compressor as a compressor was more efficient with wet compression 
than with dry compression; but taking the whole of the 
circumstances into account he was prepared to state very strongly 
that wet compression over a term of years would show the best 
results. I n  that connection no better test could be obtained than 
in the manufacture of ice. If two machines, wet and dry, were 
tested over a series of, say, five years, he was certain from his own 
experience that, i f  the whole of the costs were taken into account, 
the wet compression would show the greater advantage. 
He  thought all present would agree that, from a scientific point 
of view, there was no doubt it would be a great advantage to have 
a determinate measure-a standard. I n  the two different standards 
which Mr. Anderson mentioned there was not sufficient difference 
to  call for any very great discussion-he believed the difference 
amounted to 1 per cent. Bearing in mind that manufacturers had 
still managed to go on with the horse-power as a standard of measure, 
which he supposed was about 50 per cent. out, and bearing in mind 
also that the kilogram was supposed to be such a marvellous 
improvement, it made one think after all whether it was necessary 
to determine a standard with absolute accuracy, so long as a standard 
of some kind was agreed upon. Having done that, what was its 
application ? Had the manufacturers Had anybody asked for it ? 
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asked for it ? Had the people who purchased the machines asked 
for it ? H e  had never heard from either one or the other that  there 
had been any demand for a standard, although he believed from a 
theoretical point of view it would be a very good thing to  have one 
for educational purposes a t  any rate. But in fixing a standard it 
must not be forgotten, from the point of view of mechanical 
engineers, that the manufacture of the plant and the machinery 
was the least important part to be considered. Next in importance 
came the insulation, and the most important part of all was that of 
application ; and the difference in application, based entirely on 
empirical considerations, was so great that  the question of even 
20 per cent. would not enter into the calculation. It had to be 
borne in mind that, while from an educational point of view there 
was no doubt it would be an advantage to be able to speak in set 
terms, when once a man entered into the commercial side they 
would be merely used as a kind of general reference ; and unless 
the person using that reference had the knowledge obtained from a 
number of years’ experience of how to apply his particular machine, 
he would not get the order. While it might be treated from the 
very highest theoretical point of view, it must not be forgotten that 
the touchstone of the whole thing was, how much money was the 
manufacturer going to get out of it? Therefore, while most highly 
appreciating the efforts of Mr. Anderson, who had taken considerable 
trouble in dealing with the position from an educational point of 
view, the question of application so overrode everything else that 
he was afraid it would be necessary to forget a very great deal of 
what one had previously learnt, although there could be no doubt 
that, from an educational point of view, some kind of standard on 
which to teach the young engineer should be obtained. He  had 
found the same difficulty himself forty years ago when he started, 
and he was simply pointing out to those present what they might 
expect. 
Professor Jenkin mentioned (page 1054) a t  the last Meeting that 
manufacturers ought to work on the Centigrade scale ; but when he 
pointed out that by far the great majority-he would say 90 per 
cent.-of the people who purchased refrigerating machinery knew 
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nothing about Centigrade or Fahrenheit, the members would 
appreciate the fact that they had to deal with people as they met 
them. The manufacturers had to supply machines as they were 
required to do what the purchaser wanted, and the question of 
whether the compressor was of this or that  type, or had such and 
such a rating, was after all a very small one. 
Mr. A. H. TYLER said that, as  a visitor, he was glad to have the 
opportunity of attending the Meeting and speaking on this subject. 
As previous speakers had remarked, both the Papers contained valuable 
information and dealt with matters that would bear a great deal 
more discussion than could be given a t  one Meeting. H e  hoped, 
as a result of the reading of the Paper and the discussion, that 
more publicity would be given to the question of the theory of the 
refrigerating machine, because it was much needed. 
With regard to the question of publicity, two different opinions 
had been expressed. Mr. Anderson expressed his regret that so 
little experimental work had been done by the manufacturers; 
whereas one of the speakers (Mr. Willcox) a t  the last Meeting took 
up an antagonistic position and said that a great deal of work had 
been done by his firm. He thought both the author and the 
speaker were right. Unfortunately, however, the greater part of 
the results of the experiments that had been made by the 
manufacturers had not been made public, and a considerable amount 
of what had been published was quite useless. A good many of the 
experiments that had been made, the results of which had not been 
given to the public, were equally worthless. Many years ago some 
figures were published as to the properties of GO, that misled 
manufacturers considerably, which was very regrettable. Since 
then Mollier had experimented on the matter and had given 
manufacturers a sound basis to work upon, and he could not be 
thanked too much for what he had done in that respect. Following 
on Mollier’s investigations, Amagat had carried the matter 
considerably further, and, having checked the majority of the 
figures obtained, so far as he could find they were perfectly 
accurate and reliable within ordinary limits. Gooseman had also 
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published some very useful information about CO, that he had 
only seen referred to on one occasion in this country. 
Since Mr. Anderson's Paper was written, he (Mr. Tyler) had 
had the opportunity of publishing a certain amount of information 
in another place, and probably members had seen it mentioned in 
the technical Press. Most of the information that had been 
published on CO, was so unreliable that personally he had to go 
back to the beginning and endeavour to establish some of the more 
elementary facts on a reliable basis. He  hoped that manufacturers 
would join him in publishing results of tests; and he did not 
believe any good resulted either to the manufacturers or to anyone 
else by keeping results secpet. 
Mr. Harrap (page 1073) had referred to  the question of units, 
stating that they were not required commercially, but he (Mr. Tyler) 
differed entirely from him as to their utility. The establishment 
of units was not proposed simply for educational purposes ; they 
would also be of the utmost use to manufacturers. Almost every 
manufacturer had some standard or unit, but they nearly all 
differed. Personally, he suggested the adoption of a unit which in 
his opinion had much to recommend it, and he would be very 
pleased if gentlemen who differed from him would state the reason 
for doing so. The unit he had adopted for many years past for his 
own use as the Ton of Refrigeration was the elimination of 12,000 
B.Th.U. per hour from brine a t  the temperature of 32" F. 12,000 
B.Th.U. was almost exactly the American ton of 2,000 lh. multiplied 
by the Iatent heat of water, and divided by 24 hours per day. It 
assumed the latent heat of water at 144 B.Th.U. per lb. It was a 
trifle less, but that was the nearest even figure. The figure of 144 
had advantages ; it was easily divisible ; it was a nice round figure, 
one easy to remember and use. Scientific accuracy in a standard 
was not of any importance whatever. It was like the horse-power ; 
every one used it, but it did not represent the power of any 
standard horse that he knew of. Taking the figure of 32" F., 
aw the temperature of the brine from which the heat was abstracted, 
had the recommendation that it compared with the thawing of ice 
or freezing of water, both of which took place a t  a temperature of 
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32". It was very difficult to get water to freeze at any other 
temperature but 32" F., and if that was done, abstruse corrections 
had to be introduced. If a machine which was abstracting heat a t  
zero was compared with a machine in  which ice was changing a t  
33", n correction was involved, and he was afraid that it would 
take the members a very long time to agree what proportion 
it should be. 
Personally, he saw no objection to the adoption of 32" F., which 
also had another very great advantage. If the machines (either 
CO, or NH,) were tested by abstracting heat from brine a t  32" for 
shop test purposes, it would be found they took their maximum 
power with brine a t  about that temperature, with cooling water in 
the condenser up to from 70"to 80°F. So that by testing the 
machine with brine a t  32" P., the maximum power was being used 
that would be required to be supplied by the motor working the 
machine under commercial conditions. As the machine had 
initially to cool brine from 32" downwards to its working 
temperature, the-motor had to be made to do its duty with brine 
a t  that temperature. It was objected that most refrigerating duty 
was done below 32" F., but on the other hand there was a large 
number of refrigerating machines required for cooling water and 
for chilling work, and such refrigerating machines performed their 
work above 32" F. So that the ordinary duties of a refrigerating 
machine were sometimes below and sometimes above 32" F., and 
that was a fair average figure. As he had already stated, it needed 
no correction when compared with ice, and therefore, for 
standardizing his machines, he had adopted that standard of 
12,000 l3.Th.U. per hour abstracted from brine at  32" F., and 
he designed machines for ordinary climates to do that duty with 
condenser water up to 70" F. Cooling water of 70" F. was 
obtainable almost invariably in all temperate latitudes ; it was a 
very usual summer temperature, and it was one that should be 
reckoned on. It was very seldom that water was not obtainable 
at that temperature, but in such special cases the difference could 
be allowed for. I n  the tropics it went very little above that figure 
as a rule. 
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While on the question of units, he wouId like to suggest that 
some better terms should be adopted. The unit that was a t  present 
used was called a I L  ton of refrigeration,” and he wished that some 
other term could be used in its place. Electricians had much more 
convenient words in the ‘( volt,” the “ ampere ” and the ‘‘ ohm,” the 
second of which was usually abbreviated into the “ amp.” Instead 
of the term ‘‘ton of refrigeration,” he had adopted the words 
‘‘ frigid ton,” which he thought was better than the other. 
Mr. Anderson in the early part of his Paper referred to the 
cycle of performance of the refrigerating machine as being a heat- 
pump, and compared it with a reversed steam-engine. That was 
very usual, and he noticed that most writers on the subject 
treated it in the same way. He  would like to suggest, however, 
with regard to Fig. 1 (page gag), that, when the operation of the 
machine was reversed, it was assumed that A remained the boiler 
and C the condenser; all that  happened was that the boiler was 
a t  a lower temperature than the condenser. The evaporator was 
nothing more or less than a water-tube boiler, and the condenser 
was still a condenser, but at a higher temperature than the 
boiler. The result was that instead of giving out work in the 
cylinder it absorbed work; instead of absorbing work in the 
feed-pump it could give it out, and the pump was replaced by 
the expansion-valve. In the heat-engine the feed-pump must be 
a pump; the water could not be got to pass without it from the 
lower t o  the higher pressure ; but with the refrigerating machine 
the pressures were reversed. An expansion cylinder, as fitted to 
the refrigerating machine, was an exact equivalent to the feed- 
pump reversed, and if it was looked at from the point of view he 
had mentioned, it would be found that a complete heat-engine 
reversed was obtained. 
Some remarks had also been made on the question of wet and 
dry compression. The argument as to which of the two was the 
more advantageous had been raging for many years, and they 
seemed as far off settling the problem as ever. There was no 
doubt that some designs of NH, machines would give better 
results with dry compression. He was absolutely convinced from 
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the tests he had seen made that, under some conditions of working 
and design, ammonia machines gave better results with dry 
compression, but he could state most certainly, from experiments 
and tests he had made, that a CO, machine gave better results 
with wet compression than it did with dry. In one case he had 
had the opportunity of carrying out some tests in  Alexandria, 
extending over about a month with a large CO, machine making 
ice. The water temperature was steady throughout the trial ; the 
machine ran twenty-four hours a day and was only stopped once 
for some small adjustment. The ice was 'drawn in rows of moulds 
a t  intervals of about thirty-four minutes in the usual method 
followed in Continental practice. He  tried the machine with 
varying degrees of wetness, until he found the most suitable 
degree. When he approached dry compression the results 
undoubtedly fell off, that is, he had to give a longer interval 
between drawing a row of moulds, showing that the machine 
was making less ice. The machine was indicated twice a day, 
and the results were very steady. The horse-power practically 
did not vary-it was within 1 per cent.-but the ice production 
certainly fell away as they approached dry compression. He  had 
every reason to believe that, if they had gone on and got the 
compression completely dry, the results would have been much 
worse. With wet compression the results were better up t o  a 
certain point, and then they began to fall away again. He had 
found, from a very large number of tests of GO, machines, that 
the best results were obtained when a degree of wetness was used 
which gave a discharge temperature of about 150' F., and he 
thought that about 3" on either side of that figure covered the 
most economical temperatures under all conditions. 
Dr. Grindley had explained the great increase in eff'ect to be 
obtained from a CO, refrigerating machine, by cooling the liquid 
to the evaporation temperature in  a " suction interchanger " and 
compressing isothermally, but he had unfortunately miscalculated 
the great increase of power consumed that would result. The 
entropy diagram dealt with weights of GO,, not volumes, and the 
power required by the compressor was determined by the volume 
4 E  
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1080 REFRIGERATING MACHINES. DEC. 1912. 
(Mr. A. H. Tyler.) 
and pressures to be dealt with. Taking one example from his 
Table (page 1037), say the performance with temperature limits of 
10" and 82*5", the volume of the unit weight of gas (if dry) 
would be increased by 93 per cent. and the power for compression 
similarly, making W, = 34.5 instead of 17.9 and q2 = 2.38 
instead of 4.57; the increase in performance then disappeared 
and became a loss of nearly 26 per cent. With wet compression 
the loss would be greater. 
I n  conclusion, he desired to thank the authors of the Papers 
for the work they had done and the results given, and although 
he had said nothing favourable about Dr. Grindley's Paper he 
thought it was extremely valuable. The amount of work involved 
in the diagrams that had been worked out was enormous, as he 
knew from having carried out similar work himself ; and although 
he was a manufacturer and a practical man, he fully appreciated 
the importance of the theoretical side of the subject. H e  went as 
deeply into the one side as the other, and scientific gentlemen 
who gratuitously devoted their time to investigation and made 
known the results of their labours and prepared diagrams did the 
manufacturers an inestimable service. 
Mr. G. C. HODSDON said that since the Annual Report of 
the Institution for 1911 appeared he had been anxiously awaiting 
the present Papers on Refrigeration, and he was very surprised 
when they arrived to find that they treated the subject from the 
point of view of the ordinary engineer, for whom they were full 
of information. There was nothing for the refrigerating engineer. 
He  presumed that the object of the Papers was that they should 
be of use to the refrigeration industry, and in order to accomplish 
that purpose they must contain something that practical refrigerating 
engineers could use in their work. Mention was made of research 
in connection with the subject, and he for one would be very pleased 
if  the Institution could take up that work. There were, in  his 
opinion, one or two subjects that could be dealt with most usefully. 
What were particularly required were figures that d l  refrigerating 
cngineers could accept as standard. 
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Dr. Grindley referred to investigations that had been carried 
out, but did not say definitely what they were. Presumably they 
were connected with the new cycle which was proposed, and he 
would like Dr. Grindley to say whether that was so or not. The 
inference contained in the Paper was that refrigerating engineers 
did not know their business. That remained to be seen. First 
of all, Dr. Grindley put a water-jacket on to the compressor. If 
that was all he did, it was of no use; but perhaps the author 
had some other way of getting isothermal compression. His own 
experience was that isothermal compression could be obtained, but 
life was not long enough to wait for it, and it was not a commercial 
proposition. The machines had to be built, not for the express 
purpose of giving satisfaction to the refrigerating engineer, but 
to make money. Before vapour-compression machines became 
so common, cold-air machines were used, with the cycle of which 
most of those present were familiar. Air was taken a t  atmospheric 
pressure and temperature and compressed in a cylinder. It was 
then cooled whilst at a pressure of from 45 to 60 lb. per square 
inch in a tubular cooler, by water, to a temperature a few degrees 
above that of the temperature of the inlet cooling water. The 
compressed cooled air was then led to ad expansion cylinder and 
make to do work, with the result that the temperature a t  the 
outlet of the expansion cylinder was somewhere about - 80" F. 
or even lower. I n  order to reduce as far as possible the power 
required for compression, the compression cylinder was always 
fitted with a water-jacket. I n  one particular case a thin gun-metal 
liner was fitted, the water circulating in the space left between the 
liner and the body. The size of the compressor was 112 inches 
diameter by 14 inches stroke, indicating 17 h.p. a t  85 revolutions 
per minute, with an air-pressure of 45 lb. per square inch by the 
gauge, giving a ratio of compression of 4.06. A GO, macliine 
or an ammonia machine, working between the limits given in 
Mr. Anderson's Paper of 0" F. and 70" F., would give a ratio of 
compression, for comparison, of 2.75 for the CO, machine and 
4.28 for the ammonia machine. After everything had been done 
to keep down the temperature of the air discharged, it left the 
4 E 2  
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cylinder at 290" F., although it entered it at about 60" F. That 
was with a thin gun-metal liner. Was there any hope of 
isothermal compression for an ammonia machine or a CO, machine 
where it was necessary to have a liner much thicker than that ? 
He doubted whether many engineers present had ever seen a 
water-jacket on a CO, machine ; one's natural conclusion was that 
such machines had not been made with water-jackets. That, 
however, was altogether incorrect. Fig. 48, Plate 46, showed a 
compound GO, compressor with a water-jacket ; it was the Grst CO, 
machine ever built in this country, and it was made in the year 
1888. When a water-jacket had been put on the machine, the next 
thing was t o  keep it there. Engineers were well acquainted with 
what happened to the water-jacket of an oil-engine or  a motor- 
engine if there was a frost, and that happened to several of 
the water-jackets on the first CO, machines that were built. 
They would have to be very caref,ul in their regulation of the 
machine or the water-jacket would come off, as some of the 
original ones did. He  did not say that was the reason the water- 
jacket was given up, but it no doubt had something to do with it. 
It was easy enough to regulate the machine, but some day or 
other the man in charge of the machine would be a little careless, 
and the jacket would be split. Incidentally he saw in the 
December No. of Ice and Refrigeration-a journal published in 
America-that on some American dry-compression machines the 
water frequently left the jackets at a lower temperature than it 
entered. The water-jacket was intended to cool the cylinder and 
not to cool the water, but that was what happened in many cases 
if carelessness was shown in regard to the regulation of the 
machine. Then Dr. Grindley said that he would use an 
interchanger on his machine. In his opinion no gain would 
result, provided the temperature of the gas discharged from the 
compressor was fixed ; and it was fixed, as Mr. Tyler had already 
stated, at about 150" I?. or 160" F. for practical reasons, the 
principal one being lubrication. It was also found that the 
machine gave better duty under those conditions. Having a 
fixed size and speed of compressor, a fixed delivery temperature 
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and fixed evaporating and condensing temperatures, the quality, or 
dryness fraction, as it was usually called, of the gas entering the 
compressor was therefore fixed, and therefore the weight of gas 
dealt with in unit time by the compressor was also fixed. What 
happened to the medium between the regulator, where it was a 
liquid, and the point a t  which it entered the compressor did not 
affect the maximum duty to be obtained from it. The liquid had 
to first cool itself from the fixed condensing temperature by 
partial evaporation to the evaporating temperature, and then to 
evaporate, and whether this took place in the evaporator or partly 
in the evaporator and partly in an interchanger, it could only absorb 
a fixed number of B.Th.U. per lb. from an external source. They 
started with a liquid a t  a fixed temperature, and it came back to 
the compressor as a gas with a fixed dryness-fraction, temperature, 
and pressure. The addition of an interchanger gave no increase, 
in fact it caused a distinct loss, because they had got the 
transmission of heat from the surrounding atmosphere into the 
interchanger. 
A full Table of the properties of CO, based on the latest data 
available was published in Ice and Cold Sforage for November 
1912. Details were given, not for every 5 O  or  every go, but for 
every degree F. 
Coming to the Ammonia Table, Dr. Grindley had worked on some 
figures which appeared in  Zeuner's " Technical Thermodynamics," 
and he stated that they did not fit a smooth curve, which was not 
to be wondered at. A curve from the original figures given in 1890 
by Zeuner would be seen in Fig. 49 (page 1084) marked Zeuner No. 1. 
In the year 1904 Dieterici published some figures, but they only went 
down to 33" F. Zeuner in his " Technical Thermodynamics " gave 
these figures (see the curve marked Zeuner No. 2 which only went 
down to 32" F.) ; he then continued with his older figures, thus causing 
a sudden jump to the old curve. He  did not know whether the 
author had been able to test those curves of Zeuner's. The curve 
that Dr. Grindley had given was also shown and went outside the 
others a t  the bottom right hand corner, and he did not think that it 
was a t  all fair. The various dates The diagram gave ten curves. 
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year 1908 Wobsa published some further figures. 
latent heat from both sets of figures would be seen in the diagram. 
The curves of 
In April and May 1912 a complete Table of the properties of 
FIG. 50.-+-i Diagram for NH3. 
ENTROPY $ 
ammonia for every degree Fahr. was published in Ice and Cold Storage, 
and he based those on the latest figures by H i b l ;  the latent heat 
curve would be found in the diagram in the middle of the set. 
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Dr. Grindley gave a $4 diagram for NH, on the basis of skew 
co-ordinates. Fig. 50 showed a diagram that was in existence, he 
believed, long before Dr. Grindley's; but it was plotted on squared 
paper; the Fig. was made from a copy of the original. The 
alteration in the shape of the curves, when they were put down on 
a rectangular co-ordinate basis, was worthy of notice. If the frame 
or border of the diagram shown were considered to be a pin-jointed 
frame, with the ends of all co-ordinates pin-jointed to the frame, and 
the bottom left-hand corner and the top right-hand corner were 
taken and squeezed together, it shortened diagonally in  one 
direction and lengthened diagonally in the other direction, until the 
skew co-ordinates and Dr. Grindley's curves were obtained. 
Mr. Anderson's Paper was full of information suitable for a 
student's text-book. It seemed rather one-sided, as he believed the 
makers of the original ammonia machine in England, and the 
makers of the original CO, machine in England, were not even 
mentioned. He  quite agreed with the remarks made by the 
previous speakers in reference to what Mr. Anderson had said with 
regard to  the relation of science to the industry, namely, that no 
improvements had taken place as a result of scientific investigation. 
I n  Mr. Hodsdon's opinion that was not the fact. The author 
assumed, because no results had been published, that nothing 
had been done. A buyer could go to any of the leading refrigerating 
machine makers in the kingdom and get any machine he wanted for 
any particular purpose. The makers had had to rely on themselves 
for information ; they had not been able to get any from outside 
sources. They could all deal with the question intelligently ; they all 
had their own testing stations, and their tests were carried out quite 
independently, because of jealousy between one and the other, and 
one maker did not know what the other was doing. With reference 
to the scientific question, the best books on refrigeration and the 
best monthly papers were undoubtedly published in German, but it 
was very strange that the three medium-sized refrigerating machines 
on the largest German liner now being completed were of English 
make, and were being fitted a t  the present moment by English 
engineers. Germany was undoubtedly the home of science, but 
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science had not helped Germany to- get the order for those 
refrigerating machines. 
Fig. 51, Plate 46, was a photograph of the largest CO, machine 
in the world, and four machines of the kind shown were running. 
The gear-wheel shown was 7 feet 3 inches in diameter by 10-inch 
face, and the motor was of 300 h.p. The compressors were 
8& inches diameter, and the machine would make 70 tons of ice 
per 24 hours in a semi-tropical climate. The fly-wheel, which was 
not shown in the photograph, was in halves and weighed 13 tons. 
He  did not see anything in the Papers about the water-vapour 
machine, although he believed that several manufacturers were 
making experiments on such machines. The French Admiralty had 
several water-vapour machines on the Leblanc system in their ships. 
It was the latest development of refrigeration, and he had no doubt 
that  they would hear more about it later on. He  was sure all the 
members would be very glad indeed to see the Institution take up 
research work connected with the subject, but it was necessary to 
utter a caution before i t  commenced. The United States Government 
voted in August of the present year $15,000 to the United 
States Bureau of Standards for the investigation of the units and 
standards of refrigeration, and possibly some of the results would 
be published at the International Congress of Refrigeration to  
be held in Chicago in September 1913. There were also various 
Refrigeration Associations which were making independent 
experiments for the benefit of the refrigeration industry, and 
some figures had come to hand only that morning of experiments QR 
insulation carried out for the French Association of Refrigeration, 
particulars of which were given a t  the meeting held in Toulouse in 
August last. Units, standard conditions of testing, and similar 
particulars were also proposed for refrigerating machines. Any 
work that the Institution did must be done with due regard to, 
or in conjunction with, what was being carried out by other 
Associations both on the Continent and in America. 
Personally, he would like to see a standard ton of refrigeration. 
Horse-power did not mean the work that one horse could do, but if 
the horse-power of an engine was given, an engineer now knew 
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roughly what work it would do. It would therefore be very useful 
to refrigerating engineers to have a standard ton of refrigeration. 
It would be necessary to define the amount of duty done and the 
ranges of temperature between which it would be accomplished. 
With regard to point (d) a t  the end of Mr. Anderson’s Paper 
(page lOOO), with regard to the charging of the machines, he thought 
that if a machine were under-charged it stood to reason that the 
duty would be reduced. If the machine were over-charged the 
results were perhaps n little doubtful, but the usual result WAS that 
FIG. 52. 
1 I I I I 1 
TEMPERATURE r,\w 
a slightly increased duty was obtained at a very greatly increased 
horse-power, for the reason that the liquid h id  up in the condenser 
and reached the regulator a t  a temperature nearer the temperature 
of the condensing water. 
Item (e) dealt with the question of the value of cooling the 
liquid refrigerant before expansioniin (or by) the evaporator. That 
dealt with the interchanger question again, and he thought the 
members would agree with him that there did not seem to be 
much probability of any gain in that respect. With regard to  
the question of subjects suitable for investigation, the first in 
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his opinion was that of the flow of brine through V notches and 
circular orifices. When a machine was tested, it was desirable to 
measure the quantity of liquid, either brine or water, passing, and 
to do that V notches or circular orifices were used. No modern 
data were available connected with the amount of water or brine 
that would pass and to what extent the flow was affected by: 
altering (1) the specific gravity and (2) the temperature of the 
brine. Reliable investigations were also wanted to determine 
exactly how the coefficient of discharge for orifices varied with 
(1) the head and (2) the diameter of the orifice. That was a 
subject suitable for an investigation, and it could easily be carried 
out. All engineers possessed certain figures, but it was a point on 
which agreement was desirable, as the present figures showed great 
discrepancies. 
The next question that required investigation was the specific 
heat of brine. He  did not think there were many refrigerating 
engineers who knew exactly what the specific heat of brine was. 
Many figures had been published from time to time, but what was 
the refrigerating engineer to do when the United States Bureau of 
Standards and the National Physical Laboratory gave two entirely 
different sets of figurest He  had known refrigerating engineers 
discuss whether the specific heat of 1 2 specific gravity brine were 
0.75 or 0.79 at 0' F., whereas it now appeared to be about 0.69-a 
difference of 8 and 14 per cent. respectively. 
Fig. 52 showed curves from the figures given by the National 
Physical Laboratory and the United States Bureau of Standards 
for the specific heat of calcium chloride brine. The series of curves 
shown appeared to have no connection with one another, but this was 
altered when they were plotted to a density base as shown in Fig. 53. 
This diagram also gave a dotted curve recently published by the 
leading German authority on Refrigeration, as well as the full line 
curves from the data of the United States Bureau of Standards. 
It would be seen that the curves approximately passed through the 
point specific heat 1.0 when the density was 1.0. Owing to the 
curves being so close together, the rectangle marked A B C D had 
been enlarged to form Fig. 54, the curves from the data of the 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1090 
(Mr. G. C. Hodsdon.) 
1 1 E F U I G E I l A T I ~ G  MACIIINES. DEC. 1912. 
FIQ. 53.--Comparison of Speci$c Heats at 1.20 Density and 25.7' Falar. 
Stetefeld . . . . . . . . 0.728 
National Physical Laboratory . . . . 0.7C6 
I'nited States Eureau of Standards . . . 0.710 
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National Physical Laboratory having been added to this in dotted 
lines. There was certainly no very great discrepancy between 
the results of any of the authorities, the comparison given at  the 
top of Fig. 53 showing a difference of only 3 per cent. between 
the lowest and the highest a t  the particular temperature taken. 
Other subjects that required investigation were the Transmission 
of Heat through Insulation and Heat Transmission through Pipes, 
the latter of which might well occupy the Research Committee for ten 
years. It was desirable to ascertain to what extent the transmission 
was affected by the material, by the pressure, by the temperature, 
by the kind of gas, by the state of the internal and external 
surfaces, by the velocity of the gas on the one side and the velocity 
of the air, water, brine, oil or other liquid on the other side; what 
were the transmission coefficients for superheated gas to  a liquid ; 
what they were for wet gas to a liquid, and what they were for a 
liquid to a liquid. There were also the questions, of the transmission 
through brine pipes and direct expansion pipes to rapidly moving 
air, or air in natural circulation, and t o  what extent those 
transmissions were affected by ice or frost on the pipes. 
Mr. HENRY BRIER said that Mr. Anderson gave (page 953) 
some figures for thermodynamic losses which certainly were not 
favourable to GO, machines ; in fact they were very unfavourable. 
It was, however, reassuring to find that in practice these losses 
did not appear, and that when power and output were taken 
into account, CO, machines could compete very favourably with 
ammonia machines. 
The first of the four thermodynamic losses referred to was 
the loss due to free expansion at the regulating valves. More or 
less successful attempts had been made to minimize this loss by 
reducing the temperature of the liquid gas on its exit from the 
condenser, in order that  it might more nearly approach the 
temperature at which it would be employed in the evaporator. 
These trials had usually been made either by expanding R 
portion of the liquid gtls itself and returning it direct to the 
condenser by means of a compressor, or by the employment of 
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regenerative coolers or interchangers, and many such coolers were 
a t  work ; but the results up to the present had unfortunately not 
appealed to the manufacturer or user to any great extent, owing 
generally to the increased complications of details and multiplication 
of leaky joints about moving parts, although in many instances 
much economy had been attained. General attention was so 
thoroughly concentrated upon this point that one might expect 
very shortly some practical and, it was to be hoped, entirely 
successful developments ; for, if without extra complications of 
parts the temperature of the liquid CO, could be considerably 
reduced on its passage to the evaporator, it was quite evident 
that the evaporator would be better able to carry out its allotted 
work than under the present conditions. 
Other losses were referred to, under clauses ( b  and c )  also on 
page 953, due to superheat in the compressor and greater pressure 
given to the gas than the pressure necessary to condense it. 
Under ordinary or common law one could not expect to get 
something for nothing, and the concentrated heat due to 
compression, also the greater pressure given to the gas than was 
actually required by the temperature of the cooling water for its 
condensation, was simply payment for a transmission of heat and 
more rapid liquefaction that would otherwise be obtained. These 
differences for rapid working were required both in the condenser 
and also in the evaporator. He  was not sure, therefore, that these 
losses should be counted actually as losses. They were certainly 
working losses, but were given for something received. 
Attention was drawn (page 954) to loss (d),  and reference was 
made to controversy between wet and dry refrigeration. Every 
engineer who had anything to do with the design of refrigerating 
machinery had had that point before him several years, and had 
come to the conclusion, in this country at  any rate, that the wet 
gas would transmit more rapidly and with greater working effect 
than the dry gas. English machines, therefore, were generally 
worked in the wet state. He  believed that some Americans would 
call it “ flooded.” It would appear to  him (Mr. Brier) quite clear 
that for a CO, machine to give its ,best results, that is to say its 
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greatest refrigerating effect, there was a certain point which might 
be arrived a t  and be proved by careful trial, and that condition 
would appear to be when the gas was working in  a more or less 
wet state. It was quite evident that the gas was better able to 
take up heat from the coils of the evaporator, due entirely to the 
liquid or wet gas being a better conductor or transmitter of heat, 
than if it was dry. Another point in favour of the so-called wet 
process was unquestionably the greater volume of gas which might 
be circulated by the same swept volume of the compressor piston. 
Any slightly additional power required to handle this greater 
quantity of gas would be more than paid for in greater efficiency 
of the machines, up to a certain point, which was easily obtainable 
by trial and was well known by all machine makers. 
With regard to the question of efficiency on page 956 and also 
throughout his Paper, Mr. Anderson had classed CO, as a bad 
third, and doubtless his figures showed i t ;  but he would like to 
ask how Mr. Anderson reconciled actual practice with this 
statement, for, taking his list of powers given on page 1026 and 
powers in general obtained from other sources of information, one 
found figures which the CO, machine could easily pass. He  (the 
speaker) could show CO, machines which would manufacture in 
warm countries 36 tons of ice in 24 hours for 84 electrical h.p.; 
and in speaking of GO, machines he said he was speaking only 
of ordinary machines with clearances far in excess of those usually 
worked on ammonia machines. I n  the general design of GO, 
machines it had been considered that constant reliability of 
running was of more practical value than absolute efficiency, so 
that in almost all designs it would be found that whilst the 
ammonia machine was very often built with suction-valves, which 
if broken would drop entirely into the cylinder, such a design had 
never been to his knowledge carried out for CO, machines, This 
point was raised simply to show that if CO, machines were 
designed in the same risky manner as an ordinary ammonia 
machine, considerably greater efficiency could be obtained than a t  
present, so that in comparing the powers of one machine with 
another these points of risk should be taken into consideration. 
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He (Mr. Brier) was in a position to show that, for ordinary 
ice-making, the CO, machine would hold its own in power against 
the ammonia machine, and he asked the question as to where the 
falling off took place in the figures credited to the ammonia 
machines. Surely there was some point which Mr. Anderson had 
not explained and which was not accounted for in any of the 
figures he gave. Was it due to better or quicker transmission of 
the heat under the greater pressure of GO,, or to the greater 
weight or inertia of the GO, gas in its passage of the valves ? H e  
had often sought an explanation of this point, for he had been 
constantly told that CO, (on paper) would not be able to do 
anything like the same work as ammonia, that GO, could never 
bring a cargo of frozen meat across the tropics, that CO, was 
dangerous to life, etc. These points, which in practice were 
never verified, were of course raised by those who at the birth of 
the CO, machine held vested interests in ammonia machines. 
With regard to the use of copper pipes (page 960), very rarely 
had he found copper used for CO, evaporators, and then only 
in very small machines where lightness or compactness wa8 desired. 
This point was one of great importance to the marine engineer, 
and showed how much more suitable CO, was for marine work 
than ammonia, owingrto the rapid failure of wrought-iron coils if 
used with sea water. 
He  wished also to ask Mr. Anderson his reason for stating 
(page 985) that it was impossible with air circulation to regulate 
temperatures to a very fine point, and would like to call attention 
to the fact that attemperated or warm brine was used many years 
prior to the attemperator referred to on page 996, and was still 
publicly in  use by other firms both on closed and open brine 
services. There appeared to be a misprint on page 992, in which 
the figures 35" and 38" F. were given as the temperature of the 
chilling or attemperated brine. He  also desired to know M r .  
Anderson's reason for advocating the use of CO, on passenger 
ships and ammonia on battleships. 
With regard to Mr. Anderson's suggestion for testing vapour- 
compression refrigerating machines, he would like to suggest that 
4 F  
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most of the points raised in the list given were all points of 
interest in trials made in almost every machine shop. Needless to 
say, many of them did not always appear upon the log sheets, but 
were well known and standardized points, which did not for 
comparison require repetition in that manner. 
With regard to the standard of refrigeration, it would be 
desirable if the proposed committee would give consideration to 
the practical side of the question, and if possible to arrange a 
standard test such as could be carried out in the workshop a t  a 
higher temperature than freezing, without the necessity of using 
brine. If such a standard test or unit could be decided upon, 
trials could be made with accuracy a t  much less cost and trouble 
than if brine were used ; at the present moment it was, he thought, 
the general practice to prove the efficiency of a plant by trial in 
the workshop, whilst cooling water a t  60" F. or thereabouts, with 
circulating water of the same initial temperature. Pure water 
circulated gave the most reliable means of directly measuring the 
number of thermal units eliminated, and was easily obtained from 
any convenient source a t  little cost, and had moreover the advantage 
of leaving the various parts of the plant clean and less liable to 
damage by rust. 
Mr. ARTHUR G. ENOCK thought the Papers had provoked an 
immense amount of discussion which was bound to result in 
something very useful and practical. It was impossible a t  the 
short time a t  his disposal to go fully into details, and he would 
therefore confine his remarks to one o r  two important sides of the 
refrigerating question. He asked the Members to imagine for a 
moment the position of a butcher who desired to buy a refrigerating 
machine to do a certain amount of work for the smallest possible 
expenditure of power, water, repairs, ammonia or carbonic acid. 
Such were the businesslike requirements of a shrewd butcher or 
a cold-storage owner, which had added to the experience and 
sharpened the wits of refrigerating machine makers. H e  felt 
that manufacturers bad been rather pilloried by Mr. Anderson, 
who had accused them of not having made scientific research. He  
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could show Tables proving that scientific research was being made 
day by day in many refrigerating machine manufactories, and 
that the manufacturers of those machines were trying to give 
the butcher, the dairyman, the ice manufacturer, and the cold- 
storage owner as many units extracted for as little power and 
water as possible. They were each trying to do better than the 
other, and much had been done by careful scientific research in the 
factories where refrigerating machines were made. He  believed 
that manufacturers in the country could well satisfy the buyer’s 
keenest demands. 
Those present had been listening to a number of statements 
which had been put in relation to each other, when they really had 
no relation whatever to each other. Some points had been made 
about dry compression and wet compression, and their suitability 
for refrigeration or ice-making on a broad scale ; while the virtues 
or vices of the water-jacket had also been placed before them. 
Those things had their places under certain specified conditions, 
which existed in a plant a t  one time and did not exist at another 
time. For instance, a horizontal double-acting ammonia compressor 
operating under wet compression would work quite well until the 
moment arrived when it became necessary to pump out the pipe 
system, by reason of a joint springing a leak on the ammonia pipe, 
or from another cause. When the pipe system had to be pumped 
out, the horizontal double-acting compressor acted for the moment 
under the wet compression system ; but as the ammonia vapour was 
pumped out from the pipe system, a rarefied gas was gradually 
obtained. Wet compression did not then exist any longer, but dry 
compression obtained while the vapour was being extracted from 
the pipe system, and a t  such time the double-acting horizontal 
compressor required a water-jacket. It did not require it while 
working under the wet compression system, but in working with 
rarefied gas the piston-rod began to get blue, the packing began 
to blaze, and a water-jacket was required. 
Another condition arising in working cold storage placed 
the supervising engineer very often in great difficulty with an 
unjacketed double-acting machine. In working egg-coolers, the 
4 3 2  
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condition of the air for the best storage results required a fairly 
high temperature in the air-cooler. Under such conditions, wet 
gas could not be properly allowed to come back to the compressor, 
which would heat up unless it were water-jacketed. 
On general principles he was of opinion that an ammonia 
compressor should be so constructed that its working parts, glands, 
packing, and the like should not require any particular temperature 
of ammonia gas, but should all work smoothly from a mechanical 
point of view, whether there were ammonia in the machine or not. 
He had made those remarks to illustrate the point that things 
ought to be discussed in their proper relation. Then with regard 
to the bursting of a water-jacket, it must be remembered that 
the water-jacket might burst if it were enclosed, whereas it would 
not burst if it were not enclosed. Consequently, the vertical 
machine with the jacket open a t  the top was a more suitable 
machine to have a water-jacket than the horizontal machine. 
Both vertical ammonia and vertical carbonic acid machines were 
made to work with water-jackets, and operated very successfully. 
Mr. Anderson made the following important statement (pages 
966-7) : “ Apart from purely mechanical considerations, one point 
in the design of a compressor stands out as all important, that is 
the clearance between the piston and covers at each end of the 
stroke must be a mimimum-the reason being that the compressor 
should, if possible, draw on the suction-valve immediately the 
return stroke begins. The vapour that remains trapped in the 
clearance space is at the superior pressure of the system, and 
the piston must travel a very definite distance before this vapour 
can expand below the suction or inferior pressure, and so allow the 
fresh charge to be admitted.” The speaker found himself in 
complete agreement with this statement, hut was a little surprised? 
in a Paper on Vapour-Compression Machines, to see that in the 
types of compressor illustrated and put forward, this important 
question had been practically ignored. But it should be borne in 
mind that, while operating without clearance, provision must be 
made for safe working. It often happened that, instead of only 
pumping ammonia gas, a compressor was partially pumping liquid. 
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The compressors illustrated in Figs. 7, 8 and 9 (pages 966-8) would 
almost certainly break down if liquid flowed into the cylinder along 
with the gas, and the same would hold good with regard to the 
machine in Figs. 13 and 14 (pages 973-5). Frequent accidents 
had happened with compressors of those types. His firm had 
successfully overcome these defects, and had for the last ten years 
been making machines which would pass liquid as well as gas 
without detriment or danger. Such a machine was illustrated in 
Fig. 55, Plate 46. 
I n  Fig. 55, which represented an enclosed self-oiling machine, 
the gas came in through the suction stop-valve A down the suction- 
pipe B and into the pistons C through the holes in upper ends. As 
the piston descended, gas passed through the suction-valve D and 
(as the piston ascended) was compressed through the discharge- 
valve E along the passage F, up the discharge-pipe F (shown 
partly behind the suction-pipe B), past the discharge stop-valve G 
into the condenser coils H. The water running over the coils 
cooled the gas and caused it to condense, and the resulting liquid 
ammonia passed out through the small pipe J into a receiver (not 
shown), and was ready to do its cooling work again in the expansion 
coils (not shown). The crosshead spring K allowed the crankshaft 
L to press the pistons against the discharge-valve seating V, and 
thus to expel all the gas with perfect safety and to pass liquid without 
danger. 
One also hoped in a Paper on Refrigerating Machines to 
have seen something about the question of volumetric efficiency 
and the influence upon it of valve designs. In the compressors 
illustrated in Figs. 7 to 15 (pages 966-76) the suction and discharge 
valves were almost all of them side by side in the same end of the 
machine, and the valve area was greatly restricted. Further, the 
incoming cool gas was drawn through an annular space in the warm 
discharge head, and was certain to be wire-drawn and rarefied 
to a considerable extent. This appeared to the speaker to be 
bad practice from the volumetric point of view. The machine 
illustrated in Fig. 55 was provided with a suction-valve in the 
piston, of a very large diameter, and discharge-valve in the head. 
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This design secured a free inflow of gas with a very slight lift of 
the valve, and a large discharge passage with an equally slight lift 
of the valve. A t  the same time, the cold gas came through the 
cool piston and suction-valve passage instead of through the warm 
discharge head. 
With regard to the question of the unit, a man buying a 
refrigerating machine wanted to know what he was buying, and 
the various manufacturers had different ways of describing the 
units of refrigeration in their machines, and the units of power 
required per ton of refrigeration. If the sellers of the machines 
were to try to specify all the conditions precedent to that unit, they 
would so hopelessly confuse the buyer that he would wish he had 
never taken up the subject a t  all. He  had with him a Table which, 
for argument’s sake on the horse-power question, showed a variation 
of 0.7 h.p. per ton of refrigeration to 3 .5  per tonof refrigeration- 
all practical figures taken from actuad tests. He  commended that 
point to Mr. Anderson in getting out his unit of refrigeration or 
power. He  also wished to suggest to Mr. Anderson that, in 
making any scientific research on the subject, he should get every 
type of machine installed under similar conditions, and then 
ascertain what was the value of clearance or  no clearance, what 
was the real value of water-jacket or no water-jacket, and what 
was the value of wet compression or dry compression, also what 
type of compressor possessed the highest volumetric efficiency. Mr. 
Anderson would find that any manufacturer in this country, who 
was enterprising enough to make known what he was doing, would 
let him test his machines in his works with electrical and other 
appliances to determine the value of those points. 
Mr. JOHN THOM desired t o  make a few remarks, not as a 
manufacturer but as one who had had to deal with the running of 
refrigerating machines of various makes during the last twenty 
years. Going back to that time, there were very few machines in 
use except those of the cold-air class. When machines of the 
vapour-compression class were introduced, the difference in the 
power required to drive them was about in the proportion of 
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1 ton of coals to 5 tons with the air-compressor, which w&s a 
radical improvement. When refrigerating machines were first put 
on board ship, they were installed as a sort of auxiliary after all 
the other machines had been put on board, and were run with the 
same boilers. He  (Mr. Thom) remembered well the extraordinary 
number of spare parts, etc., thought necessary for a refrigerating 
machine at  that time, also that' there was a spare machine provided 
for doing the same amount of work. Vapour machines existed 
twenty years ago, but they were few in number, and shipowners 
were rather afraid of fitting them, in case of damage to cargo or 
passengers, but it was very pleasant to hear even a t  that time the 
difference in the amount of steam consumed in the one machine 
compared with the other, namely, about as 5 to 1. He had had a 
few of the different kinds of vapour machines under his care for 
some years, some of which had been very satisfactory, and had 
worked with a very small coal consumption, while others had been 
the reverse. The machines which had given him the most troubIe 
were not the NH, nor the GO,, but the SO,. In a machine of 
the SO, kind which had been running under his charge for four 
or five years, some of the tubes in the evaporator had been entirely 
closed. [Mr. Thom then handed in a sample of the tube.] 
Most of the speakers in the discussion were manufacturers of 
refrigerating machines, and they all seemed anxious to show that 
their firms spent time and money on the scientific side of 
refrigeration, and that every one of their machines would give 
the very best results. He (Mr. Thom) remembered having a machine 
under his charge in the manufacture of which very little science 
had been bestowed, not as regards its principle of working, but in 
the manufacturing and proportioning of the article. The machine 
had to be stopped every few days, pulled to pieces, and adjusted in 
some way or other to prevent it breaking itself to pieces. What 
was the good of science if the constructor did not carry out his 
part properly? It was all very well talking about science in a 
drawing office and before such a Meeting as the present, but 
science was no good unless it was practically applied to the strength 
of materials used in the construCtion of one's machines, and which 
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would do the work without becoming deformed. The SO, machine 
was a very economical refrigerating machine in theory and if the 
evaporator were worked above atmospheric pressure, but not if it 
were worked below atmospheric pressure. The speaker’s experience 
with these machines had been most unsatisfactory, through getting 
moisture into the system a t  glands, etc., which in time caused the 
evaporator to f u r  up; this did not happen with any of the other 
refrigerants. Moreover, SO, as a chemical did not seem to be 
made so pure as NH, or CO,. 
On page 963 an  NH, condenser was shown with about 70 
connections on each section, which in these days of electric welding 
seemed out of date. He  thought that a condenser, or any 
arrangement on a refrigerating machine having so many joints 
as this, was the worst kind one could have. Many of the joints 
were screwed and soldered at the makers’ works, but there 
was the possibility of them leaking under peculiar circumstances, 
such as rough handling in getting the tubes from the manufacturer 
t o  the place at which they were going to be fitted up ; consequently 
they would give trouble in course of time. Personally, he thought 
this was an out-of-date class of condenser. A condenser with four 
or five joints per section would be much more reasonable. 
The compressor shown (page 968) had a delivery valve with a very 
large amount of clearance in comparison with the suction ones. On 
page 970 there was shown a 12-inch x 21-inch triplex NH, 
compressor driven direct from the tail-rods of the steam-cylinders ; 
this tail-rod connection with vapour compressors added very 
considerably to the clearance of the compressors, as due allowance 
had to be made in the compressor-cylinder for the expanding or 
contracting of the steam cylinder-rods. He (Mr. Thom) always 
advocated compressors being connected direct to the crankshaft. 
Mr. Cracknell, who spoke on the absorption machine (page 1067), 
gave them the figures of 154 tons of ice per ton of coal in special 
cases and 14 tons of ice per ton of coal as common witg the 
absorption machine. Then he went on to say the compression 
machine made only 13 tons of ice per ton of coal. Mr. Thorn was 
afraid that Mr. Cracknell selected a rather uneconomical plant for 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
DEC. 1912. REFRIGERATING MACHINES. 1103 
comparison. H e  himself knew of large compression plants making 
asmuch as 40 tons of ice per ton of coal with gas-engine drive, 
and similar size plants steam-driven, making regularly 23 to 25 tons 
of ice per ton of coal. 
In making comparisons between NH, and CO, machines, the 
latter reached the critical temperature in  the tropics, the former 
not so ; engineers experienced this when they had condensing 
water exceeding 85” F. The author spoke of NH, machines in 
battleships, and advised blowing o f f  the charge before going into 
action. If one did that, how was the magazine to be kept cool? 
If this was necessary, he would advise fitting CO, machines in 
place of NH, machines to all battleships. 
A unit of refrigeration, if it could possibly be arranged, would 
be an excellent thing for the man who bought a refrigerating 
machine and also theman who had to lookafter it. It would be an 
advantage, not simply from the point of view of marketing only, 
but as a method of comparison. If this work could be undertaken 
by the Institution in conjunction with manufacturers, scientists and 
those who actually ran refrigerating machines, much good would 
result. 
Mr. ANDERSON, in reply, said it was evident that Professor 
Jenkin had given considerable thought and attention to the subject 
of refrigeration, and one could but look forward with interest to the 
publication of the results of his investigations. No one could 
possibly question the great advantage of the Centigsade thermometer 
scale, but as he (the author) had placed one of the two outstanding 
wants in refrigeration as a “standard ton of refrigeration,” it 
seemed quite out of place to suggest anything so revolutionary as a 
new thermal unit displacing the British thermal unit. As he had 
mentioned on page 998, the United States had adopted a standard 
ton of refrigeration, and it had been seriously suggested that this 
country should adopt the same unit, namely, 288,000 B.Th.U. per 
day per ton of refrigeration. That meant-for the purpose of that  
unit at any rate-adopting the 2,000-lb. ton. Any committee 
appointed to consider the question of units aad standards in 
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refrigeration would probably have those and many other suggestions 
before them. 
Mr. Voorhees, like Mr. Cracknell, questioned his statement with 
respect to the ammonia absorption machine. In 1906 he had the 
advantage of a tour in the United States, and was very much 
impressed by the number and the size and efficiency of the 
absorption machines he saw at work. If it was simply a question 
of turning out so many pounds of ice per pound of coal, he would 
hesitate to place the compression before the absorption machine. 
Taking, however, the many points which had to be considered 
when dealing with refrigeration-such as meeting overloads and 
underloads, and such questions as power supply, etc.-he had no 
hesitation in saying that ,the compression machine was destined to 
keep its place, as being by far the most commercially important of 
all types, but he was as equally sure that absorption machines had 
not received the attention in this country that their efficiency 
undoubtedly merited. 
Mr. Voorhees further stated (page 1058) that he (the author) 
had overlooked the question of superheating in the compressor, and 
its effect on the volumetric efficiency. As a matter of fact he had 
not by any means overlooked that important point. On page 1021- 
the page referred to by Mr. Voorhees-he said,in the second line, 
“ and allowing for losses at the regulating valve, influx of heat into 
the pipe connections and cold parts, and by superheating in the 
compressor, 450 B.Th.U. per pound of ammonia circulated may be 
taken as available refrigerating effect.” I n  so long a Paper it must 
have been that Mr. Voorhees had overlooked those words, and his 
attention arrested by the 9 .1  cubic feet lower down. To make 
allowance for superheating, he (Mr. Voorhees) would increase 
that value to about 10.7 cubic feet. If that were done, the value 
450 B.Th.U. would need to be increased, and the value of the fraction 
which was given in the centre of page 1021 would in consequence 
remain exactly the same. Personally, he preferred to make 
allowances for all estimated losses a t  one operation, and the figures 
as given were perfectly correct and the size of the compressor need 
not be iecreased by 17+ per cent, as Mr. Voorhees suggested. 
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He thanked Mr. Voorhees for his valuable contribution to the 
discussion. 
With regard to the remarks of Mr. Willcox, he knew the 
leading makers of refrigerating machinery kept thoroughly abreast 
of their work in all departments-scientific and practical-in fact, 
as he had written, L L  quite in keeping with the best traditions of the 
British engineer.” Nevertheless he must emphasize what he had 
written a t  the top of page 950, that no branch of mechanical science 
had received less aid in this country from published research or from 
accounts of practical progress than that of mechanical refrigeration. 
He did not realize how poor this country was in the literature of 
the subject until he set to work on the Paper. Other countries had 
certainly more literature, but the bewildering conflict of results and 
opinions led him to think that in this country they were better off 
with a comparatively clean slate. An immense amount of work 
remained to be done, and he was glad of the support of Professor 
Jenkin in his opinion that one of the greatest needs was reliable 
data as to the refrigerants themselves. When Mr. Willcox was 
trying to persuade the Institution that no further research was 
necessary, he (the author) remembered the fact mentioned by Mr. 
Hodsdon that the U.S.A. Congress had just voted $15,000 “ for 
investigation incident to the establishment of units and standards 
of refrigeration and the determination of the physical constants of 
materials used in the refrigeration industries, such as ammonia, 
aqueous ammonia solutions, carbonic acid, brines, etc.” The request 
for that vote came from the American Association of Refrigeration, 
and their petition included the words, “ the work of this Association 
and the entire refrigerating industry has been hampered from its 
inception from lack of definite basic standards upon which the 
ar t  of refrigeration is based.” Ice and Refrigeration for September 
1912, in commenting on that grant, said, “ It marks a distinctive 
step in the advancement of the industry toward higher achievement 
made possible through the use of officially authenticated basic 
d a h  upon which refrigerating engineers of the world may rely.” 
He reminded the members that his Paper as printed was finished 
in February 1912, and the vote to which reference was now made 
was taken in September 1912, 
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As to Mr. Willcox’s question as to what was meant by ‘‘a 
standard refrigerating machine of comparison,” he would say it 
was a standard machine by which the efficiency (coefficient of 
performance) of other machines could be compared a t  any time 
and under any conditions. The standard engine of comparison for 
reciprocating steam-engines was one working upon the Rankine 
cycle, A B C D, Fig. 34 (page 101 1). A possible standard refrigerating 
machine was the reverse of that, namely, A D C B. Since the Paper 
was read, and having Mr. Willcox’s question in mind, Mr. G. W. 
Daniels, an engineering student of the University of Liverpool, 
had plotted to scale a diagram similar to  Fig. 34 for an  ammonia 
machine working between 14” F. and 68’ F., and had found that a 
machine working on the ordinary cycle, approximately F D C B, 
Fig. 34, showed a falling off from the reversed Rankine cycle, 
A D C B, of 6.7 per cent. That indicated how a comparison might 
be made, and incidentally showed the value of undercooling. It 
might be further remarked that a standard machine of comparison 
would make the system of heating the condensing water to a 
specified temperature during a test quite unnecessary. 
Captain Sankey would notice that he (the author) had 
mentioned the standard machine of comparison on page 1000 and 
nowhere else. H e  agreed entirely with the figures given by 
Captain Sankey (page 1070), who had made one of the most valuable 
contributions to the discussion. There were many different cycles 
on which a machine might work, and one or two of them had been 
suggested in the course of the discussion, while one in particular 
had lately been prominently put before the public by Mr. Voorhees 
and Mr. Stokes (see Communication by Mr. Stokes, page 1130), 
while there was also Dr. Cfrindley’s cycle. It was, perhaps, just as 
well that he had not gone any further into the suggested standard 
machine, because all these different cycles would have to be very 
carefully thought out before a definite cycle could be fixed upon. 
With reference to Mr. Harrap’s remarks (page 1071), he would 
like to refer particularly to the work done by Mr. T. B. Lightfoot, 
whose very valuable Paper was written in 1886. He  (the author) 
took the work up from the point left by Mr. Lightfoot, and those 
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who read that Paper carefully would note that the advancement 
had not been by any means so marked as some of the speakers 
would like to make out. H e  had not in any way attempted any of 
the work that Mr. Lightfoot had covered so well, and anyone 
studying the subject of refrigeration should not fail to read the 
earlier Paper. Another point mentioned by Mr. Harrap was that 
it was possible to theorize as much as one liked, but when it came 
to practice very large allowances had to  be made. He had in 
Appendix V (page 1021) given the barest outline of the design of 
an ammonia machine, and in the columns and Tables that were 
given on page 1027 the great amount that had to be allowed for 
leakage of heat into the machine would be noticed. He thought 
that those who took up the testing of refrigerating machines often 
overlooked that very important point, and sometimes lost heart 
because their heat balances would not work out. 
He had to thank Mr. Tyler very much for his contribution to 
the discussion (page 1075), one of the main points he mentioned being 
that of rating. The Americans had adopted the figure of 12,000 
(page 998), the same as he (Mr. Tyler) had. When a machine was 
rated a t  so many tons of refrigeration it might perform, say a tons 
of refrigeration under certain conditions, and y tons under other 
conditions. What was required was a standard whereby it could 
be said that the machine under standard conditions of temperature 
would be rated at a definite amount; and then if it was used for 
cooling milk it would eliminate a larger number of thermal units 
per day, because its coefficient of performance would be very much 
higher. If, on the other hand, it was making ice it would be 
correspondingly less. It did not really matter whether the 
temperature was 32" or 0" so long as the standard was fixed, but 
Mr. Tyler's suggestion of 32" F. was certainly worthy of 
consideration, but in any case an upper limit would also be 
required, say 70°, 80" or 90" F. He liked Mr. Tyler's term--"a 
frigid ton." '' A ton of refrigeration I' was, as Mr. Tyler said, rather 
ponderous, and it was just possible that if a Committee were 
formed, some short term might be decided upon. Mr. Tyler's idea 
of making the uses practically the same for the parts shown on the 
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diagram given on page 952 was quite a good one from a practical 
point of view, but in that case it had to be borne in mind that 
the temperatures and pressures would be reversed. As it was a t  
present, the temperatures and pressures were kept in each vessel 
relatively the same, while the cycle traced out was the reversed 
Rankine cycle, and from a theoretical point of view this had much 
to recommend it. H e  agreed entirely with Mr. Tyler regarding 
wet and dry compression. Personally, he believed that the CO, 
machine was better worked rather on the wet side, the NH, 
machine a little on the dry side, and the SO, machine decidedly 
dry. 
With regard to Mr. Hodsdon’s remarks (page lOSO), personally 
he very much regretted that Messrs. Linde and Messrs. Hall found 
it impossible to let him have some diagrams of their machines, and 
the Paper for that reason was not perhaps as representative as it 
might have been, but the other makers had kindly supplied all that 
was necessary. 
Mr. Brier (page 1094) said that the author had referred 
unfavourably to CO, machines, placing CO, a very bad third. 
This was, of course, theoretically. On page 956 he had used the 
words c L  here again really reliable comparative tests are wanting,” 
and also the words (‘ ;f reliable tests proved CO, to be as inefficient 
as theory points out,” while on page 1028 he had written “that much 
study and careful research is required to put the knowledge of this 
class of machine on a satisfactory basis.” This was the crux of the 
situation ; theory pointed one way, practice apparently another, 
and surely these were ideal conditions for research, which he would 
again urge was greatly needed. 
The President reminded him the usual time for adjournment had 
long been exceeded, and in  consequence he would reply in writing 
to the other points that had been raised (see page 1135). 
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Communications. 
Mr. ALEXANDER E. BECK wrote that the " double-pipe " 
condenser, described and illustrated on pages 964-5, had a 
multiplicity of joints which increased the chances of loss by 
leakage, and he thought that if it were exposed to a moist or 
damp atmosphere and neglect, surely corrosion would make it 
difficult to effect repairs. If Mr. Anderson could give the result 
of, say, four or five years' wear and tear, it would be of interest 
to many. 
Fig. 19 (page 981) illustrated a typical milk-cooling plant as 
used by dairymen, and with regard to this class of refrigeration, 
with which the writer had had considerable experience, the point 
to be considered was that dairymen required quick action, 
whether they pasteurized or not. It seemed a very simple 
problem to cool a t  the rate of 200 or 300 gallons of milk 
per hour from, say, 70" to 40" F.; this was not so, and by 
manufacturers of refrigerating machinery the duty of the 
refrigerating plant was often under-estimated. In dealing with 
either large or small quantities of milk, it was essential to have 
a 'fair quantity of the cooling medium in circulation; otherwise 
a larger refrigerating plant was necessary. Some twenty years ago 
this fact was very forcibly brought to  the notice of his firm when 
they devised the '' storage system," which consisbed of an elevated 
brine storage-tank from which the cold brine was led to the milk 
cooler and flowed by gavi ty  back to  the evaporator or a lower 
brine tank of equal capacity to the elevated tank. By this means 
the cooling medium might be cooled by the refrigerating plant 
preparatory to cooling the milk, and thereby a smaller plant 
employed effectively for the purpose. 
On page 1021, 4.53 cubic feet of compressor displacement per 
minute per ton of refrigeration per day was given. The writer 
presumed this should be multiplied by 2 for ice making (roughly), 
which would be, say, 9 cubic feet per minute per ton of ice per day. 
He  would refer t o  the result of an analysis of displacements 
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provided for by six firms, who submitted estimates for the supply of 
plant to make 15 tons of ice per 24 hours. They were as 
follows :- 
No. 1 . . . . . 10.2 cubic feet displacement. 
No. 2 , . . . . 13.2 ,, ,, ,, 
No.3 . . . . . 12.15 ,, ,, 1 
N o . 4  . . . . 13.0 ,, ,, , I  
No. 5 . . . . . 15.4 ,, ,, 1, 
No.6 . . . . . 12.73 ,, ,, 9 ,  
The condensing water was specified as 80" F., and there was an 
abundance of it. No. 5 machine exceeded the specified duty by 
5 per cent. on test runs. The area of condenser surface per ton 
per 24 hours averaged from 70 to  80 square feet, and area of 
evaporator surface about 80 square feet per ton per 24 hours. 
Comparison, with these figures seemed t o  indicate that too little 
was allowed for compressor displacement by Mr. Anderson, even 
having regard to the temperature taken as a basis. 
Mr. E. J. BUCKTON (Tilbury Docks) thought the present rapid 
growth of cold storage would be accompanied by many changes and 
developments of refrigerating plants by competing manufacturers 
both at home and abroad. As the number of classes of goods to be 
preserved increased, specially designed chambers would be brought 
into use and cooling systems would be devised to suit the 
requirements of each kind of merchandise and local conditions; 
and the types of cold stores were likely to multiply in number 
rather than decrease. On the other hand, only a few types of 
compressors were really necessary to meet all possible demands, 
and the tendency should be towards standardization. 
Horizontal compressors had been extensively used for years, 
and, as Mr. Anderson had pointed out, they were to a certain 
extent standardized. There were many successful vertical 
compressors in  use, but the manufacture of the vertical type had 
been lately discontinued by a t  least one important firm in favour 
of the horizontal compressor. In  the past, most large compressors 
had been driven by an independent plant, usually steam, but the 
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majority of cold stores were situated a t  important ports and in large 
towns, where in these days electric current was obtainable at rates 
sufficiently low to have brought about the supplanting of steam- 
engines by electric motors, and many compressor stations had 
recently been converted, usually by disconnecting the direct steam- 
drive and substituting a belt-drive from a separate motor to the 
fly-wheel. Chain-gears with spring wheels had also been used, but 
not always with complete success. 
A t  the present time, where electric power was available, 
compressors other than very small ones were usually specified to 
be belt-driven. Slow-speed direct-coupled motors were, in some 
cases, used for small powers, and a number of horizontal 
compressors had been built with a helical pinion gearing with 
the fly-wheel, but it was doubtful if this drive would be adopted 
to any extent for very large horizontal machines, unless the present 
designs were modified to give a more uniform crank-effort diagram. 
It would be interesting to know how, during the next few years, 
manufacturers would meet these altered conditions. 
With a geared motor drive, the higher the compressor 
revolutions the better. This favoured a return to the vertical 
short-stroke type, but it was probable that the stroke would be 
shorter relative to the diameter than formerly and the revolutions 
greater. Also, the higher powers would be-obtained by increasing the 
number rather than the dimensions of the cylinders. Mr. Anderson 
had spoken of the advantage of reducing the clearance to a minimum, 
and this was most important when the compressor cylinder was 
short and single acting. There were several mechanical contrivances 
in  use for giving no clearance, which were worthy of careful 
investigation, Up to the present, the horizontal double-acting 
compressor had more than held its own, and in England the larger 
plants were almost exclusively of this type; but the existence of 
central electric power stations in the large towns might bring 
about important changes in compressor design, and it remained to 
be seen if a multiple-cylinder, high-revolution type of geared 
machine would oust the present partially standardized horizontal, 
long stroke, belt-driven machine from its present position. 
4 Q  
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Mr. W. 5.  DouaLAs wrote that he thought his firm (Messrs. 
William Douglas and Sons, Putney) was the only one in this 
country making SO, machinery, and that the following remarks 
might not be inappropriate. 
Dr. Grindley’s speculation was interesting, particularly from the 
mathematical thoroughness with which he had followed it through, 
but, as he said himself, the principal benefit would be to CO, 
machines. SO, and NH, machines would reap a very much smaller 
theoretical, and probably a negligible practical, advantage from 
the cycle. I n  any case, the writer’s own experience was that the 
most efficient of water-jackets, even with an ample supply of 
cold condensing water, still left one very far from isothermal 
compression. The heat of compression was generated so quickly 
that the cylinder walls could not transmit it in the time. H e  was 
afraid therefore that the cycle, except in a very imperfect form, 
would be impracticable. 
With regard to Mr. Anderson’s Paper, he (the writer) was 
personally quite in favour of public research work, and would 
welcome the standardization of the refrigerating ton, which should 
be a round figure, for the purpose of simplifying calculations ; he 
hoped that the temperatures or pressures of evaporation and 
condensation would be clearly fixed. H e  would also like to add to 
Mr. Anderson’s subjects for research work the Transmission of 
Heat across Coil Surfaces. No exact laws had SO far been formulated, 
except in the roughest and most empirical fashion, to govern this 
transmission, as far as concerned the refrigerating engineer, and the 
laws governing heat transmission in steam-pipes, etc., were found 
not to apply. H e  would also suggest the standardization of the 
physical data for each refrigerant both in Fahrenheit and in 
Centigrade units, and the publication of standard Tables. 
With reference t o  Mr. Anderson’s remarks concerning SO, 
machines, the writer would like to add one more to the advantages 
which these machines possessed. This was, that liquid SO, was a 
lubricant and that consequently, if the cylinder of an SO, machine 
were water-jacketed, it was quite unnecessary to lubricate its 
interior. It followed that lubricating devices, oil separators, 
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rectifiers, etc., were not required with this type of machine, and its 
construction was thus considerably simplified. H e  noticed that 
Mr. Thom (page 1 lOl), speaking as a user, said that the SO, machine 
gave him most trouble. He  referred, no doubt, to German, or at 
any rate to foreign machines. If he were to try a British-made 
SO, plant, the writer was certain that Mr. Thom’s opinion would be 
exactly reversed. The writer’s firm now manufactured SO, machines, 
and had a t  one time, and for a number of years, sold CO, machines 
of another make. It had been their experience that SO, as a gas 
was much more easy to deal with than CO,, and that far less 
trouble was incurred both in running and in manufacturing the 
machines. 
Mr. Thorn also stated that SO, machines did not work well below 
atmospheric pressure. Probably this experience was gathered from 
the machines above referred to, but the writer’s experience had been 
quite the contrary. Air, of course, got into SO, machines, as well 
as into others, but in no greater quantities and with no worse 
results. In this connection it was well to remember that, with the 
gas evaporating at 0’ F., the vacuum required was only 4 lb. below 
atmosphere-a difference in pressure which could hardly be called 
dangerous. His own firm would be most pleased to take part in a 
conference to discuss a British Standard ton of refrigeration, should 
such a conference be called. 
Mr. JOSEPH ILL (Sheerness Water Works) wrote that he 
considered Mr. Anderson’s Paper to be the best on this subject 
since Professor (now Sir James) Ewing delivered his lectures in  
1896-7. Dr. Grindley’s Paper was of great interest in that i t  
showed how more work could be got from the refrigerant. The 
chief difficulty lay in having to deal with a dry gas, which would of 
course be fatal to machines of the Linde type, owing to trouble with 
the glands. No water-jacketing could be effective in practice, the 
heat not being passed quickly enough through the cylinder walls. 
If the new cycle were tried, it would be advisable to use a machine 
built on the De La Vergne system with oil injection and a long 
stroke slow speed. 
4 a 2  
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Mr. ROBERT KNOX wrote that he was personally interested in  
the subject of refrigeration, having been engineer for three years 
to an ice company in the tropics, and as the working conditions in  
hot countries were usually very different from those obtaining in  
more temperate climes, his remarks might perhaps be of interest. 
I n  Colombo, Ceylon, he had had charge of refrigerating plant 
comprising three separate units, making 2, 6, and 18 tons of ice 
per day respectively, giving a total output of 26 tons of ice per day 
of 24 hours. All the units were steam driven, and the refrigerating 
agent employed was sulphurous anhydride (SO,). There were three 
other ice factories in Colombo, all having ‘‘ ammonia ” machines, and 
as regards the merits of the one refrigerating agent over the other, 
he believed that SO, was more suitable for the tropics on account of 
the lower pressure obtained with it in the compressor cylinder of the 
plant, as compared with the higher pressure obtained when ammonia 
was used. 
One drawback with SO, was the danger of air leakage when the 
temperature of the brine fell so far as to bring the SO, in the 
suction side of the machine under atmospheric pressure. With 
ordinary care and supervision, however, there was little danger of 
an air leak, but when a leak did occur the consequences were 
unfortunately not detected for some time, and only then by noticing 
the increased pressure in the compressor-cylinder and the failure of 
the plant to lower the temperature of the brine by the usual amount 
in a given time. A small leak on the pressure side of the plant 
was as a rule readily found by testing with litmus paper, but it was 
not so easy to locnte a leak on the suction side, because, while the 
plant was working, air would be drawn in, and before a leak could 
be found, it was usually necessary to stop the plant and investigate. 
I n  spite of the chance of this occasional trouble, however, he believed 
that the SO, machine was the best for hot countries. 
As a whole, the plant under the writer’s charge was satisfactory 
in working, but  the two smaller units were more economical than 
the larger one. I n  this connection he thought that designers of 
refrigerating plant did not fully appreciate the conditions obtaining 
in the tropics, as although a small unit would work with an 
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economy only slightly less than with the same machine working at 
home, it would appear from his own experience that the larger the 
machine the grkater the drop would be in output as compared 
with its performance at home. For example : The 2-ton machine 
was always up to time with its ice, turning out 2 tons every 
24 hours as regularly as the clock. The 6-ton unit was not quite 
so efficient, and required as a rule longer time, while the 18-ton 
machine was still less efficient, and usually required from 14 to 
3 hours over the 24 to make its full rated output of ice. This 
performance of the large machine was unsatisfactory, because it 
was necessary for the business to have the ice ready for lifting at 
6 a.m. every morning, and this requirement was only met by 
reducing the output of the plant by 4 or 5 cwt. of ice per day. 
He  attributed the relatively unsatisfactory working of ice plant 
in the tropics as compared with identical plant at home to three 
causes, namely :- 
First, the attendants were usually natives of the country, and 
although their capabilities were fairly good for running a steam- 
plant, as would be expected they were not so intelligent as the 
men a t  home when put to watch a refrigerating plant. In the 
writer’s opinion, such plant was the most difficult plant to work 
so as to get continuously good results, and as so much of its 
efficiency depended on the correct setting every hour or so of 
the valve regulating the flow of the refrigerating agent from the 
condenser back to the evaporator, it required an attendant of more 
than the average native intelligence. When it was understood 
that ice-making plant in the tropics usually ran day and night 
for weeks without a stop, and that it was not possible f o r  the 
European engineer in charge to be on duty all the time, it 
would be seen that many things might happen which wese 
detrimental to the efficiency of the plant. 
The second cause was the much higher initial temperature of 
the water in the tropics from which ice was to be made, as 
compared with the temperature of the water at home, and this, 
coupled with the higher temperature of the atmosphere of warm 
climes, put a greater load on a machine working under such 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1116 REFRIOERATINQ NACHINES. DEC. 1912. 
(hlr. Roberr. b o x . )  
conditions as compared with an identical phnt  at home; 
consequently there was a drop in efficiency and output due 
to  this. 
The third cause, and the one which he found to tell most 
against the performance of ice plant in the tropics, was the 
extremely high temperature of the condensing water available. 
It would perhaps astonish those engaged in designing ice plant to 
see from the following Tables of observations (page 1118) that a t  
times the temperature of the water at the condenser inlet was as 
high as 36" C. (96*S0 F.). Had there been running water near to 
the factory, the temperature would never have been so high, but 
in common with the three other factories in Colombo they had to 
use the water of an inland lake which was very shallow, had much 
decaying vegetable matter in its water, and was heated all day by 
a tropical sun. 
Matters like the three just mentioned were sometimes 
overlooked by designers of ice plant at home, and also 
unfortunately by those requiring plant for the tropics, and it 
could not be too carefully kept in mind that a plant designed for 
home service, or on a wrong knowledge of the conditions obtaining 
in hot countries, would almost certainly be inefficient, due to any 
or all of the causes he had stated. 
The 18-ton machine with which the writer had to do was 
designed by the makers to suit a temperature of condensing water 
of 30" C. (86" F.), and the engine power was fixed a t  70 h.p., but 
as the maximum temperature of the condensing water rose at 
times to 36" C. (96*S0 F.), it was found that 100 h.p. was required 
for the working of the plant. The makers' statement, made after 
this plant had been put to work, was as follows: " I n  all ice 
machines, of whatever type they may be, the necessary power 
required increases by 5 per cent. for each degree (Centigrade) of 
the condensing water above 30" C." The condensing water was 
often 6" C. above the figure mentioned by the makers, and the 
extra power which was required over the rated power of 70 h.p. 
approximated to  the amount estimated in accordance with the 
makers' statement, namely, about 30 per cent. due to the condensing 
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water being at 36" C. instead of 30" C. As regards the quantity 
of condensing water required, the makers said : '( The quantity of 
condensing water must increase as the temperature increases, and 
for the 18-ton plant, if the temperature is 34" C. the minimum 
quantity of condensing water should be 14,000 litres per hour, 
with a difference of 5" C. from the inlet to the outlet." As a 
matter of fact, the maximum amount of condensing water which 
could be used for the plant in question was fully 40 gallons per 
minute, and this at times a t  a temperature of 36" C., as against 
51 gallons per minute, that is, 14,000 litres per hour stated by.the 
makers as being required for water of 34" C. ; as would be seen 
from the Tables of observations the difference in temperature was 
at times as much as 10" C. from the inlet to the outlet. 
From the foregoing it would be evident that the 18-ton machine 
was ineficient, and this instance emphasized the importance of 
getting absolutely reliable data before designing plant for service 
in  hot countries. The three ice machines of which the writer had 
charge were made by a French firm, and they were all of the 
horizontal type, having their compressor set tandem behind the 
steam-cylinder. The main particulars of the largest unit, namely, 
the 18-ton machine, were as follows :- 
Steam cylinder . . . 
SO, compressor . . . 
Revolutions per minute . 
Boiler steam-pressure . 
Temperature of feed-water . 
Vacuum in steam-condenser 
Maximum estimated rated h.p. 
Actual h.p. at maximum load 
. 
. 
. 75. 
. 63 atmospheres. 
. 140" I?. 
. About 22in. 
. 70. 
. loo. 
168 in. diameter x 2 ft. 73 in. stroke. 
About 154 in. diameter x 2 ft. 79 in. stroke. 
The following tabulated observations gave several readings 
which might be of interest as showing the working conditions of 
the 18-ton machine :- 
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Colombo, 29th Ocb. 1901. 
;uction 
side' 
DEC. 1912. 
<zi 
side. 
Iondensing water for 
SO, Condenser. 
Readings on 
compressor 
gauges. Position of so, 
regulating 
valve. 
Time - 
:nlel 
'em] 
- 
@C. 
32 
33 
34 
34, 
34, 
35 
35 
36 
35 
34 
33 
- 
lutlet 
Cemp. 
~ 
OC. 
43 
44 
44 
44'5 
44.5 
45 
46 
46 
46 
44.5 
44.5 
iuction 
side. 
Pres- 
sure 
side. 
Gal. 
40.5 
7, 
O C .  
-1 
-1.5 
-1.75 
-2  
-2.2E 
-2.25 
-2.21 
-2.5 
-2.5 
- 3  
-3*2E 
Atmoq 
0 
0 
-0.1 
-0.1 
-0.15 
-0.15 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
eres. 
6 . 5  
6.5 
6.6 
6.75 
6.8 
7 
7 
7 
7 
6 - 8  
6.8 
a.m. 
11. 0 
11.30 
p.m. 
12. 0 
12.30 
1. 0 
1.30 
2. 0 
2.30 
3. 0 
3.30 
4. 0 
3 turn open 
,, ,, I ,  
more than ,, ,, ,, 
Q 
morethan ,, ,, ,, 
,, 1, 
, , 1 ,  ,, 
,, ,, I ,  9 ,  > 1  
,, ,, ,, 1 1  > t  
,, > )  1 7  
,, ,, ,, 
I, ,> ,> 
C'olomBo, 4th Nov. 1901. 
Readings on 
compressor 
gEuges. 
Condensing water for 
SO, Condenser. Position 
of so, 
regulating 
valve. 
Fempera- 
ture of . 
brine in 
.ce tank. 
@C. 
-0.5 
-1 
-1.75 
-2 
-2 
-2 
-2.125 
-2.125 
-2.25 
-2.5 
-2.75 
- 
Inlet 
romp. 
- 
hutlei 
'emp 
Quan- 
tity per 
min. 
OC. 
30.5 
30.5 
32 
32.5 
32.75 
33.5 
34 
34 
34.75 
34.75 
34.25 
@C .
38 
39 
39.5 
40 
40.5 
41 
41.5 
41.5 
42 
42.5 
41.7! 
Gal. 
40.5 
,> 
,, 
Atmospheres. 
L.m. 
0. 0 
0.30 
1. 0 
1.30 
3.m. 
2. 0 
2.30 
1. 0 
1.30 
2. 0 
2.30 
3 .  0 
5.75 
6 
6 
6 
6.125 
6.25 
6-25 
6.375 
6.375 
6.75 
6.25 
-0.1 
-0.1 
-0.15 
-0.15 
-0'2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
-0.2 
- 
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As regards the output of ice per h.p. of the 18-ton machine, it 
was = 5 * 55 h.p. per ton of ice made if rated a t  the maximum 
horse-power required, but as this horse-power decreased as the ice 
was being formed, perhaps it would be fairer to take the average 
horse-power during the 24 hours, which was about 76.5 h.p., 
making = 4.25 h.p. per ton of ice made. With ice plant 
the load was at a maximum when the brine tank was newly charged 
with the moulds of fresh water to be frozen, and the minimum load 
was a t  the time the ice was formed and ready for lifting. With 
the plant described, the load was considerably lessened in the 
evenings and during the night time owing to  the condensing water 
being much lower in temperature than during the heat of the day. 
To have kept a fairly constant load on the machine during the 
24 hours, it would have been necessary to fill and empty a certain 
number of the total number of moulds in the brine tank periodically, 
but this procedure was impracticable for the business, because all 
the ice had to be taken out first thing every morning. 
The writer’s records of the weight of coal used per ton of ice 
made were incomplete, but from a boiler test made when the 
machine was at  its maximum load, it was found that they burned 
428 lb. of coal per hour, and as the ice made per hour was = 
1,680 Ib., this gave only 3.925 lb. of ice per pound of coal. This 
figure, of course, was only for the ice made during the very hottest 
part of the day, and actually a greater weight of ice per pound of 
coal would be made when taking the average weight of coal used 
per hour during the 24 hours. 
All the ice made was “clear” ice for household use, and to 
prevent the ice from turning out “opaque,” the water in the 
moulds was kept in motion during the time of freezing by 
a device which gave a pulsating action t o  the water. This 
device consisted of a series of pipes laid over the moulds and 
under the brine-tank covers, to which were attached small 
cylindrical sheet-iron vessels depending from the pipes and having 
a small pipe from each of the vessels dipping into the water in the 
100 h.p. 
76.5 h.p. 
16 tons 
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moulds. The conical bottom of each vessel had a rubber ball-valve, 
which closed over the small pipe entering the water, and as the 
whole system was connected to an air-pump driven by a belt from 
the brine propeller-shafting, the action was that a t  each stroke of 
the pump a small quantity of water was drawn up from the water 
in each mould and returned again, the ball-valve closing in time to 
prevent air from being blown into the water. This device gxve 
very good results and took very little power to work it, and when 
the ice was about ready for lifting, the apparatus was disconnected 
to prevent the pipes dipping into the moulds from being frozen up. 
Each block of ice made, and which weighed about 1 cwt., showed 
just a thin “opaque” core, but the greater bulk of the block was 
very transparent and hard. This method of obtaining clear ice was 
of great service when preparing ornamental blocks of various shapes 
having fruits or flowers frozen within for decorative purposes. The 
temperature of the brine when all the ice was ready for lifting in 
the mornings was about - 10” C. (14” F.). 
(MY. Robert Knox.) 
THE LIVERPOOL REFRIGERATION CO. LTD. wrote that they would 
heartily welcome reliable data on many points connected with 
refrigerating machinery which up to the present had not been fully 
investigated. They thought that  Dr. Grindley’s Paper was of 
considerable theoretical interest. The idea of cooling the liquefied 
refrigerant by means of the gas returning to the compressor was 
not new, and as the gas heated a t  constant pressure would expand, 
a larger compressor would be necessary to circulate the same weight 
of refrigerating fluid. The practical impossibility of isothermal 
compression by water-jacketing would, they feared, greatly 
minimize any advantage to  be gained. Mr. Anderson’s Paper was 
of more practical interest, and gave much useful information 
collected, no doubt, from the best available sources. It also 
emphasized the great lack there was of reliable and well arranged 
data. 
They cordially supported Mr. Anderson’s appeal for 
standardization, and for research, and noted that his suggestions 
for the latter were of a very practical kind. He did not include 
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in his list of subjects, the Transfer of Heat through Coil Surfaces 
at the temperatures usual in refrigeration, and the influence of 
density, velocity, and temperature difference on the rate of 
transfer between the refrigerating fluid and the water, brine, or 
air, etc. They hoped that any data published would be not only 
in  metrical but also in English units, and would be glad t o  
join in any Conference for the discussion of a British standard 
ton of refrigeration. 
Mr. THOMAS B. MORLEY (University of Glasgow) wrote that 
since there had been proposed, and even actually were in operation, 
refrigerator cycles other than the usual one described in the Paper, 
the best standard cycle of comparison would be a more absolute one, 
and of such the Carnot cycle, which was a ‘‘ perfect ” one, was well 
known and provided an excellent standard. 
Temperature Limits for Standard Cycle of Comparison.-The 
lowest temperature at which the discharge of heat from the 
refrigerant to the condenser could possibly take place was that of 
the available supply of condensing water, that is, the temperature 
of the water entering the condenser, T~ say. Actually the condensing 
water was raised in temperature and left the condenser at T~ say, a 
temperature depending chiefly on the abundance of the condensing 
water. Linde had advocated the adoption of T ~ ,  as the upper limit 
of temperature for the cycle of comparison, on the grounds that it 
was impossible for the temperature at which the condensation of 
the refrigerant took place to be lower than T ~ ,  and that if T~ were 
taken as the temperature limit of the ideal cycle, the ratio of the 
coefficients of performance of the two machines, the actual and the 
standard (which might be called the “efficiency ratio”), would 
depend partly on the abundance of the condensing water, as well 
as on the refrigerating plant itself. While this point was worthy 
of consideration, there were more weighty reasons why the 
temperature T~ of the entering water should be taken for the 
standard cycle. Many condensers were partly air-cooled as well as 
water-cooled, so that T~ was not entirely controlled by the amount 
of water used, and by adopting T~ for the standard cycle improvements 
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in condenser design would not be reflected in the “ efficiency ratio.” 
Since this “efficiency ratio” was not the form in which the 
performance of a plant was stated for commercial purposes, there 
was no reason why the standard of comparison should not be a 
stringent one. Perhaps the best plan would be to state two 
(‘ efficiency ratios ” based on both the above temperatures. 
Similarly, the lower temperature limit should be that essential 
to the actual service on which the plant was engaged (ice-making, 
cold storage, air desiccation, etc.) and not that in the evaporator 
coils or even in the brine. 
‘6 Undercooling ” the Liquid.-While it was true that, for an 
assigned condensing temperature, cooling the liquid refrigerant 
before it reached the expansion-valve was advantageous, it would 
be better to consider this advantage from a different point of view. 
The temperature to which the liquid could be cooled (with the 
usual cycle) was rl, the inlet condensing water temperature, and 
rather than condensing a t  a certain temperature, more or less 
arbitrarily chosen, and cooling then to T ~ ,  the desideratum was 
to keep the condensing temperature itself as near q as it was 
possible to do, without unduly retarding the rate of heat 
transmission in the condenser. It should be noted that the 
possibility of condensing a t  r2 and then cooling the liquid to r1 
was another reason for choosing r1 rather than T~ as the upper 
temperature of the cycle of comparison. 
‘& Wet versus Dry ” Compression.-Whatever might be the relative 
merits and demerits of “ wet ” and “ dry ” compression, a certain 
amount of superheat at the end of the compression was desirable. 
It showed that no liquid was being idly pumped round the whole 
circuit as liquid, and it ensured that the clearance space at the end 
of the stroke contained no liquid, which, apart from mechanical 
dangers, would evaporate during the suction stroke and seriously 
diminish the volumetric efficiency of the compressor. 
Theoretical Comparison of Refrigevants.-In Appendix IV of 
Mr. Anderson’s Paper, the first Table on page 1019 gave values of 
the “ unavoidable loss” represented by the area under A F (Fig. 37, 
page 1017). Even a Carnot refrigerator could not utilize the heat 
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under AF, so that it never could be available for refrigerating 
effect a t  all. Hence the word “loss” in this connection was 
inappropriate. 
The only real indication of the relative value (on purely 
thermodynamic grounds only) of the refrigerants compared was 
that shown in the last column of the Table at the foot of page 1020, 
percentage loss from Carnot’s cycle. 
Dr. Grindley’s Propo~ed Cycle.-The impossibility of approaching 
isothermal conditions in the compressor had been pointed out by 
the first speakers in the discussion, He  (Mr. Morley) would add, 
however, that in the tests oarried out by Professor Denton * on a 
large ammonia refrigerator, he found that the compression curve 
was very nearly adiabatic, even though the compressors were 
provided with ample water-jackets. Dr. Grindley’s cycle had, of 
course, the advantage that the refrigerant was even from the very 
beginning of the compression above the temperature of the jacket 
water, whereas in the usual cycle it was above the jacket temperature 
during only the latter part of the compression. I n  spite of this, 
however, a consideration of the probable heat exchanges between 
the refrigerant and the compressor walls (which had, unfortunately, 
to be founded on very meagre experimental evidence) led to the 
conclusion that Dr. Grindley’s cycle would be adversely affected to 
a much more serious extent than the usual cycle. 
+-i Diagrams.-If isothermal compression could not be even 
approximately realized in practice, the J/-i diagram became useless, 
but there was a point which called for comment. The term 
u thermodynamic potential” which Dr. Grindley applied in Fig. 43 
(page 1048) to the quantity J/ was the name which, according to Ewing 
(Mechanical Production of Cold, Appendix F), had been already 
given by Willard Gibbs to the quantity i. Perhaps Dr. Grindley 
in  his reply would give some further explanation of the method of 
plotting the $I-i diagram, which was not very clear. 
An Improved Cycle for GO,.-In the discussion of a Paper on 
CO, refrigerators published recently by a kindred Institution, an  
* Trans. American Society of Mechanical Engineers, 1890, vol. xii, pag;e 326. 
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account of an improved cycle was given, which was worthy of a 
wider audience, and he (Mr. Morley) proposed to describe it. H e  
had added also a method of representing the cycle on the 
temperature-entropy diagram and of calculating its theoretical 
possibilities. The plant was shown diagrammatically in Fig. 56. 
It consisted of the usual compressor C, condenser D and 
evaporator El with the addition of an extra expansion-valve, a 
separator S, and a pipe connection from the separator to the 
FIG. 56.-Im.oved C02 Cycle. 
b n  
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compressor. In the ordinary cycle, the CO, entering the evaporator- 
coils through the expansion-valve carried enough energy with it to 
cause the evaporation of a considerable amount of it, without drawing 
upon heat taken from the brine. I n  this new arrangement the 
expansion took place first of all through the expansion-valve A into 
the separator S, in which the pressure was higher than that in the 
evaporator E. 
Suppose that of the total amount of refrigerant n + b, say, 
discharged from the compressor and liquefied in the condenser, the 
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amount b evaporated on passing the first expansion-valve A. In 
the separator, this vapour b was removed from the remaining liquid 
a. The liquid u then passed through the second expansion-valve B 
into the evaporator-coils, reaching them with a much smaller 
proportion of vapour in it than that due to  a single-stage expansion. 
After evaporating, a went to the suction side of the compressor. 
A t  the end of the suction stroke, the gas b from the separator was 
also admitted to the compressor; a and b were then compressed 
FIG. &‘.-Improved Go, Cycle-Compressor Diagram. 
PRESSURE 
VOLUME 
together, discharged and condensed, so completing the oycle. It 
would be seen that for a given size of compressor, that is, for a 
given amount a of refrigerant passed through the evaporator, this 
cycle produced a refrigerating effect due to the evaporation of a 
from a condition in which it contained very little vapour, whereas 
on bhe ordinary cycle the refrigerating effect was only that due t o  
the evaporation of a from a condition in which it might be about 
half vapour already. The work done in the compressor was increased, 
since on the compression and discharge stroke it had to deal with a 
and b together, as compared with a alone in the ordinary case, 
This w&s shown in Fig. 57 ; P Q represented the suction, Q R the 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
1126 REFRIGERATING MACHINES. DEC. 1912. 
(Mr. Thomas B. Morley.) 
rise of pressure due to  the admission of by R S the compression, and 
S T  the discharge. For the ordinary cycle the work done was 
shown by PQS1 T. The increase in the work done in the 
compressor was, however, more than counterbalanced by the gain 
of refrigerating effect. 
To represent the cycle on the entropy-temperature diagram, let 
A, Fig. 58, represent the condition of the liquid leaving the 
condenser. After passing through the first expansion-valve, its 
FIG. 58.-Emtropy Diagram for improved GO, Cycle. 
/ 
7 
L 
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condition was represented by B, where B was so chosen that the 
enthalpy iB = i,. The dryness-fraction of the substance was now 
D B  or if D B  represented the amount of vapour 6, then BE DE’ 
represented the amount of liquid a. We had now to trace the 
changes of b and a separately on the diagram. The one diagram 
would suffice, it being remembered that the quantities represented 
were not now the same, so that areas on the diagram must be 
multiplied by the values of the quantities concerned, in order to 
6nd heat exchanges. We might imagine that the energy of the 
liquid ( u  + b)  at A above that‘of liquid at D was all given to b, 
and hence that the area under D E  x b, representing the energy 
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* Heat t o  condenser . 
Work spent in corn- 
pressor . . ) 
given to b to evaporate it = iA - i,. E represented the condition 
of the vapour b after separation. (For the present purpose the 
fact that a constant-pressure line through A would lie slightly to 
the left of D might be disregarded.) The liquid a at condition D 
now passed through the second expansion-valve and reached the 
evaporating-coils in the condition F. F G represented the 
evaporation (assuming dry compression was to be followed) of a in 
the evaporator, and the area under F G x a represented the heat 
abstracted from the brine. The quantities a at condition G and b 
a t  condition E were now mixed, and the result was a + b  a t  
condition K. K was determined from two conditions: first, 
i, x (a + b)  = i, x a + i, x b, that  is, the total enthalpy values 
before and after mixing were the same ; and, secondly, the pressure 
a t  K was that resulting from the mixture of a and b a t  initially 
different pressures. The separator was provided with a float- 
governed outlet, the function of which apparently was to ensure 
that, when a steady regime was reached, b and a would maintain 
their proper proportions. It was difficult to  predict the position of 
K from purely thermodynamic considerations, as the pressure in 
the separator for a steady regime depended on several factors. 
K L represented the compression, and L A  t,he rejection of heat to 
the condenser, the heat rejected being represented by the area 
under L A  x (a + b).  The ordinary cycle was AHG MA, and the 
comparison of the two was shown as follows :- 
(Area under MA x a\ Area under LA x (a f b) 
(Difference of above) of above 
( 
= (iy - 6,) a 
= (i. - i,) a 
,! { = (iL - i,) (a+ b) 
While the entropy-temperature diagram showed most clearly, 
or at least in the most familiar manner, the nature of the 
operations in the cycles, actual calculations were best made from 
433 
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the enthalpy values iL, iG, etc., which could be obtained from 
Mollier's + - i diagram. 
As already mentioned, it was difficult to locate properly the 
point K, and to assign a value for the pressure in the separator. 
Also, since the work spent in the cycle was obtained as the 
difference of two comparatively large quantities, one of which 
depended on the position of K, the results of calculations from the 
diagram could only be taken as indicating the effect of the modified 
cycle in a very general way. Although bearing this in mind, it 
might still be of interest to compare the results of such calculation 
with results of actual tests which were quoted in the discussion 
referred to before another Institution. With,  condensing water 
a t  30" C., evaporator at -20" C., and assuming the intermediate 
temperature in the separator to be - 10" C., the calculation gave 
the following results (in Continental units from Mollier's diagram) :- 
Refrigerating effect . . . . . 
Work spent . . . . . . , . 
coefficient of performance . . . 
Ordinary 
Cycle. 
14.7 
6.6 
2.23 
:mproved 
Cycle. 
30 
11.9 
2.52 
Percentage of 
Increase in 
Improved 
Cycle. 
104 
80 
13 
It should be noted that the separator temperature had a very 
great influence; for example, if it were 0" C., the calculations gave 
the increase of output as 84, and increase of the coefficient of 
performance as 60 per cent. 
The figures from an actual plant, with brine at  0" F., 5" range 
in both evaporator and condenser (the separator temperature was 
not quoted), were as follows :- 
Cooling water temperature . O F .  I 65 
Inoreasedoutput . . . per cent. I 64.2 
I 
75 
81.3 
Economy of power per unit of refrigera- 
tion . . . . . . per cent. 24 
82.5 
114 
36 
90 
176 
50 
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Mr. BERNARD RATHMELL wrote that, in view of the continuous 
and rapid increase in the use of refrigerating machinery for a 
variety of industries, he thought Mr. Anderson’s Paper was 
valuable, especially as its main object appeared to be to urge the 
necessity and importance of close research work in connection 
therewith. Admittedly, there were but little practical and reliable 
data available to the profession generally concerning the relative 
merits of the different systems in actual working, nor of the 
relative merits of different types of machinery employed in any 
system. Manufacturers of machinery had, of course, done a 
considerable amount of experimenting in the course of their 
progress, but the outcome of this was not available to the 
profession generally. It might even be doubted whether such 
experiments on the average had gone any further than was 
necessary to establish to a firm’s satisfaction the desirability or 
otherwise of introducing innovations-from a commercial point of 
view. Such work might be too much bound up with questions of 
existing patterns, works equipment, and other manufacturing 
contingencies. It was to be hoped that the Paper and discussion 
would bring machine manufacturers together, with a view to fixing 
definite units of rating and performance. 
Mr. Anderson, in his remarks on “ wet ” and “ dry” compression, 
claimed that the “flooded system,” SO widely used in the United 
States, was an adaptation of the British method of working, which 
was moderately “wet.” This seemed open to doubt ; the flooded 
system did not appear to lend itself any better to working ‘‘ wet” 
than working (‘dry,” intercepters being used to stop any liquid 
brought over from the coils. The main object of the sptem was 
to prevent the gas generated in taking out the liquid heat from 
passing through the coils, where it could only have the effect of 
blanketing some of the cooling surface. 
I n  describing and illustrating three double-acting ammonia- 
compressors (pages 966-70), the author alluded to them as showing 
the degree of standardization attained. Did they not show too 
much of this quality? All followed the lines of the compressors 
introduced by the Linde Go., although all showed variations. All 
4 E 2  
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had the defect-and it was a defect, however perfect material and 
manufacture might be-of valves which projected into the cylinder, 
and always presented possibilities of accident. A11 had the 
disadvantage that a number of joints had to be broken before a 
cylinder could be opened for inspection ; and in marine installations, 
a t  any rate, which came under the Registry Societies, these 
inspections were fairly numerous. However well this type of 
compressor had performed, there were surely other methods of 
designing compressors on both efficient and convenient lines. 
Figs. 16 and 17 (pages 977 and 979) showed CO, compressors, the 
salient point of each being that it had a “ liner fitting for practically 
the whole length.” Why was a liner fitted at all, if it did not 
cover the whole of the piston travel Z In  the examples shown, the 
piston-rings, presumably, did not travel beyond the joint of the 
liner ; this involved some peripheral clearance at each end, and a 
longer piston than was really necessary. There was probably no 
difficulty in turning these out a good job in the first place, for the 
whole could be bolted together for the finishing off; but what was 
the position if it became necessary to renew a liner, say, on 
shipboard in mid-voyage ? Judging by the compressors mentioned 
and by other examples of current practice illustrated, it could 
hardly be claimed that manufacturers had reached finality. 
The Tables and Figures given in the Appendixes for CO,, NH,, 
and SO, gases were of great interest and value, as embodying the 
latest and corrected figures on these points. 
Mr. WILFRID STOKES wrote that he had read with much interest 
the Paper by Dr. Grindley, more particularly as it drew attention 
to the very considerable opening which existed for the improvement 
in  CO, machines, to which end the writer had been conducting a 
very extensive set of experiments working in accordance with the 
system invented by Mr. G. T. Voorhees. In  Dr. Grindley’s new 
cycle, various practical difficulties presented themselves which had 
been referred to in the discussion. These difficulties appeared to 
him to be so great as to render the cycle impracticable. 
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As was well known, a very considerable amount of liquid CO, 
became gas on passing the expansion-valve in order to cool the CO, 
from the temperature of the condenser to that of the evaporator. 
Dr. Grindley proposed to reduce this waste by cooling the CO, after 
leaving the condenser, by the gas coming from the evaporator. In  
the Voorhees system no attempt was made to reduce the amount of 
gas produced in cooling the CO, liquid, but, by the introduction of 
an automatic second expansion-valve and a separator vessel, the 
majority of the gas was short-circuited so as not to pass through 
the evaporator at all. By the use of suitable valves, this gas was 
admitted into the compressor at the end of its suction-stroke at 
a higher pressure and temperature than the evaporator suction gas, 
and thus considerable economies in power were obtained, as well as 
a mate;ially increased output from the compressor. 
In a small machine he (Mr. Stokes) had used for his 
investigations, he had obtained the following results without any 
more dificulty in working than with a normal machine :- 
Temperature of Cooling 
Water. 
O F. 
65 
75 
82-5 
90 
[ncreased Output from 
same Compressor. 
Per cent. 
64.2 
81.3 
114.0 
176.0 
Economy in Power per 
unit of Refrigemtion. 
Per cent. 
17.4 
24.0 
36.0 
50.0 
These results were with wet compression and with 0" brine and 5" 
range in both evaporator and condenser, and with the machine 
running at the same speed and under similar conditions in  each 
comparative test. It would be observed that the saving in  power 
was practically the same as that given by Dr. Grindley in the 
Table (page 1037) for brine a t  + 5" brine, that is, 0" evaporator, 
when working under his proposed new cycle. 
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The principal reasons why so large an economy could so easily 
be obtained with the Voorhees system were as follows, taking 90” 
cooling water as the hottest to be cohsidered :- 
(1) A large proportion of the gas formed after the expansion- 
valve never had, to be reduced to the evaporator temperature (up to 
50 per cent.). 
(2) The gas from the evaporator was partially compressed 
without mechanical effort by the superimposed charge of gas from 
the separator vessel (up to double the evaporator pressure). 
(3) This partial compression took place without heating the gas, 
and its temperature was therefore lower in the compressor (up to 
30” F.). 
(4) As compressors fitted with leathers were run with “wet”  
compression, the amount of liquid taken from the evaporgtor and 
wasted was reduced for reason No. 3 (up to 8 per cent.). 
( 5 )  As the clearance and leakage losses were constant, they 
formed a lower percentage of the increased output (up to 60 per 
cent. reduction). 
(6) As the mechanical friction losses both in prime mover and 
compressor were practically constant, they formed a lower percentage 
of the increased output (up to 60 per cent. reduction). 
Although in the small machine hitherto experimented with, 
certain of the losses were not normal, it was interesting to note that 
the gains obtained in practice had been predicted almost exactly 
beforehand by the use of Mollier’s diagrams referred to by the 
author. 
A machine on a commercial scale was under construction, from 
which he was confident that results would be obtained in no way 
inferior to those referred to above. In this machine all the valves 
were automatic, and the separator vessel contained the second 
expansion-valve with its automatic control which had been specially 
designed for ship use, as it was not affected by the motion of the 
vessel. With regard to the question of first cost, the smaller prime- 
mover required to produce the same refrigeration rendered the total 
cost of the outfit about thesame as that of a normal machine. The 
very marked economy in working cost was therefore obtained 
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without any additional first cost of manufacture, and witliout any 
increased difficulty in working or keeping in order. 
Mr. HAL WILLIAMS wrote that he felt that the Institution owed 
a large measure of thanks to Mr. Anderson for his Paper; only 
those who had ever undertaken similar work could appreciabe what 
an enormous amount of personal time and trouble it had involved, 
and for this reason he felt that some of the criticism which was 
based more on the author’s wording than on the obvious meaning of 
what had been written, had been unduly harsh and misplaced. 
The writer had been one of the British Official Delegates to the 
premier Congress du Froid in Paris in 1908, where the question of 
the standardization of Refrigeration Machines had been discussed 
a t  considerable length. It was discussed again at the second 
Congress in Vienna in 1910, by the Association Frangaise du Froid 
at  Toulouse this year, and it was to be further discussed a t  the third 
Congress a t  Chicago next September. The whole question bristled 
with difficulties, chiefly because the use to which a refrigerating 
machine was put was by no means a standard, and consequently, 
the design of the complete plant of which the compressor formed 
only a part, varied in nearly every case; again, some of the 
standards that had been proposed for compression machines were 
not applicable to absorption machines, which were again coming into 
prominence, and vice versa. The size of the compressor had been 
suggested, but this unit could not be adopted because the amount of 
gas which it was capable of displacing varied with the back pressures, 
and this varied with the use to which the plant was being put. 
A standard of the nature proposed was designed principally to 
be of use to the non-technical public, but as refrigerating plants 
were nearly always bought as a whole, for the purpose of producing 
certain results under certain. conditions which had t o  be very fully 
laid down before the plant was designed, the statement or guarantee 
that a machine was standard under one set of conditions would be 
no real guide to a purchaser who wanted it to work under entirely 
different conditions. To be of any real benefit to the purchaser, 
the standardization would have to be carried through every size of 
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machine for every known application, and would have to apply not 
only to the compressor in a compression plant, and to the absorber, 
generator and rectifier in an absorption plant, but to the condenser, 
refrigerator, and to the pipe surface in a brine or direct-expansion 
system. It could not even end there, but would have to be carried 
to the insulation used. 
The Association FranCaise du Froid were recommending the 
following thermal standards :-" The normal power of a freezing 
machine is the number of frigories it is capable of absorbing in one 
hour for temperatures of gas, of + 25" C at the condenser, + 15" C. 
a t  the expansion regulator, and - 10" C. a t  the refrigerator.'' 
He  quite thought that a standard ton refrigeration in B.Th.U. 
per hour should be established, though most people now worked to 
approximately the same figures, and that a standard for B.Th.U. 
absorbed under stated conditions of forward and back pressures, 
such as that suggested by the French Association, would be useful ; 
when once this had been determined, it would always be possible to 
figure back to this standard from other conditions. There was no 
real difficulty in the matter to those who understood the subject, 
and others should not attempt to deal with matters they did not 
understand. There was no doubt that widely different views were 
held by makers of refrigerating 'plant as t o  the displacement and 
surfaces to be allowed for a given duty, but that was more a 
commercial than a technical matter, and the same thing was found 
in almost every branch of engineering. Take, for instance, the wide 
variation in the design of electric motors and dynamos of given 
horse-powers a t  given voltages and speeds. By a careful analysis 
of displacements, speeds and surfaces, a refrigerating engineer had 
no difficulty a t  all in deciding the relative values of different tenders, 
and with the exceptions he had referred to, there was no need in 
his opinion to alter the existing condition of things. 
He  had been much interested in the temperature-entropy 
diagrams that both authors had prepared, and in connection with 
Dr. Grindley's Paper he desired to point out the labour of transferring 
to British units was undertaken by him (Mr. Williams) in conjunction 
with Professor A. W. Porter, of University College, in a book, 
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‘‘ Mechanical Refrigeration,” published ten years ago. He  readily 
recognized that Dr. Grindley had gone further, and had dealt with 
Dr. Mollier’s later diagrams, but he thought that  some slight 
recognition should have been made of Professor Porter’s and his 
own pioneer work on the same lines. With regard to the general 
examination of the theory of the performance of refrigerating 
machines in Mr. Anderson’s Paper, he ventured to claim that no 
more exact method of treating the question had ever been put 
forward than in the short outline given in the book referred to. 
Great care was taken to deal with the irreversible changes involved, 
espeoially in regard‘to the failure of thep.  v. diagram to represent 
the external work done in such irreversible changes, and the failure 
of the temperature-entropy diagram to represent the corresponding 
heat entry. 
Mr. ANDERSON wrote that, in reading over, first the discussion 
as contributed by actual speakers with the view of answering those 
points which time had prevented him dealing with, he noted that 
Mr. Hodsdon had said “there was nothing for refrigerating 
engineers in the Papers.” He did not wish to discuss the scheme 
on which his Paper was built, but, broadly speaking, it was intended 
to bring the Proceedings of the Institution up to date with respect 
to current practice in- refrigeration, and also to outline the theory 
as far as it was generally known. Incidentally, this would give 
the “ordinary engineer” an opportunity of taking part in the 
discussion. H e  was bound to say that the scheme had worked 
remarkably well, inasmuch as some of the most important 
contributions had come from those who would hardly claim to be 
refrigerating engineers. Further, the note on page 949 gave the 
real use of the Paper, that it was written “ in  order that views 
may be obtained which may be of assistance in the prosecution of 
the suggested research.” Mr. Hodsdon said (page 1089) “ he did 
not think there were many refrigerating engineers who knew 
exactly what the specific heat of brine was.” The author’s opinion 
on reading the discussion most carefully and remembering the 
petition that led the U.S.A. Government recently to vote $15,000 
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for investigations in the subject was, that refrigerating engineers 
had very little exact knowledge of anything a t  all in connection 
with their profession, and this indicated to the Institution the vast 
field for research that had been opened up. 
He  (Mr. Anderson) wished to pay tribute to the great value of 
Dr. Grindley’s Paper, as it was an outstanding contribution to the 
theory of vapour-compression machines. The Grindley cycle might 
not a t  the moment appear practicable, with our present knowledge 
of metals and design, but it gave those interested in the theory, 
new knowledge and new ideas and those interested in  practice, a 
new ideal, and had called from Mr. Hill (page 1113) a suggestion 
of great value. It was certain that Dr. Grindley did not in the 
least merit the criticism of Mr. Hodsdon when he said: “ the 
inference contained in  the Paper (Dr. Grindley’s) was that 
refrigerating engineers did not know their business.” H e  greatly 
regretted Mr. Hodsdon’s excellent contribution of exactly the type 
required was marred by the expression to which he (Mr. Anderson) 
had taken so strong an exception. Moreover, nothing had been 
further from the author’s mind than to say “ that no improvement 
had taken place as a result of scientific investigation.” I n  his 
spoken reply the author had transferred the word “ published,” 
used on page 950, so that  the sentence read “from published 
research or from accounts of practical progress, than that of 
mechanical refrigeration.” He had used the word “ research ” 
in the first instance in the academical sense that research of 
any value would always be published. H e  would strongly urge 
refrigerating engineers to adopt the practice followed by other 
branches of the engineering profession, and make known the 
results of research and investigation. Nothing was gained by 
keeping on the cloak of reserve which had only partially been 
removed by the discussion on the two Papers. As Captain Sankey 
had rightly remarked (page 1071), a mere recital of what had been 
done, without giving results, was useless. 
Mr. Brier had called attention (page 1095) t o  the author’s use 
of the words “attemperated brine.” As Mr. Brier had correctly 
said, “warm” or chilling brine had been used for many years, 
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but the object of the attemperator (which gave rise to  the new 
expression " attemperated " brine) and its auxiliary attemperator- 
cock was, as set out on page 996, threefold, but in view of Mr. 
Brier's remarks, it would perhaps be better to supplement the 
description of the three types thus: (1) all freezing brine at 5" 
(say) through the leads, (2) all chilling brine at 35" to 38" (or even 
above) as regulated by the main attemperator, (3) freezing 
or chilling brines as required at any temperatures between 5" and 
38" (say) as regulated by the auxiliary attemperator-cocks. The 
temperatures taken were only used as typical examples. 
I n  further answer to Mr. Brier, he would say a CO, machine 
was often preferred on a large passenger steamer, because of the 
entire absence of smell. NH, machines were not at present in use 
on warships because of the probable effect in an engagement with 
the enemy, as a pipe might burst with an appalling effect on the 
crew. I n  his own opinion, a captain who went into action with 
his refrigerating machine charged-either GO, or NH,-committed 
8 grave error of judgmentwi th  NH, for the reasons just given, and 
00, because of the risk of asphyxiating the men below decks. 
The list of details given for testing refrigerating machines were 
absolutely essential, if true comparisons were to be made. It was 
necessary to repeat that the details usually given made it quite 
possible for an expert to allow any machine he wished to come out 
as the best. 
He  fully appreciated Mr. Enock's remarks (page 1096) and the 
distinctive features of his firm's compressor designs. Volumetric 
efficiency was a most important subject, but it would appear that  a 
great amount of fundamental work had yet to be covered before 
research or discussion on that particular section would be really 
profitable. A better knowledge of the physical constants and 
properties of the refrigerants was certainly required. 
With respect to the Communications, he would say in answer to 
Mr. Beck (page 1109) that  the condenser shown on page 963 was not 
a double-pipe condenser. It was a type used extensively in the 
United States of America, but like the double-pipe condenser shown 
on page 965, it did not brook neglect. The compressor displacement 
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given on page 1021 was quite correct for a mean condenser temperature 
of 70" F., but he had no hesitation in saying that even with 
condensing water on at 80" F. that the No. 5 compressor quoted by 
Mr. Beck had something seriously wrong with its design-probably 
excessive clearance, provided that the rest of the plant (coil surface, 
etc.) was correctly designed. 
He strongly commended Mr. Buckton's remarks (page 1110) 
to refrigerating machine makers; they were full of pregnant 
suggestion, and outlined probable practical developments. 
Mr. Douglas (page 111 2), The Liverpool Refrigeration CO. 
(page 1121), and Mr. Hodsdon (page 1092), had suggested, as a 
possible research, the transmission of heat through coil surfaces 
a t  temperatures used in refrigerating machines. He  cordially 
supported this suggestion, and had mentioned at the top of page 1025, 
that  the ordinary laws for the transmission of heat through metal 
walls did not hold good for low temperatures and small temperature 
differences. He  was certainly pleased to find such important firms 
as Messrs. Douglas and The Liverpool Refrigeration Co. supported 
his contention that more reliable data of all kinds were required in 
refrigeration, and that they would support any movement towards 
standardizing the ton of refrigeration. 
He  thanked Mr. Hill (page 1113) for his kindly appreciation, 
and thought that  in connection with Dr. Grindley's cycle, Mr. Hill 
had made the only practical and undoubtedly valuable suggestion 
with respect to how the cycle could, perhaps, be approximately 
carried out, namely, by using the De La Vergne system of oil 
injection. With an  efficient oil-cooling arrangement, the author 
was of the opinion that good results would be obtained. 
Mr. Knox (page 1114) had sent a most interesting communication. 
Personally, without detailed information, he could not understand 
why the larger plants were relatively more inefficient, but he could 
not accept the suggestion that relatively efficient machines in this 
country became relatively inefficient in the tropics. 
Mr. Morley (page 1123) proposed an ideal machine working on 
the Carnot cycle as a standard machine of comparison. H e  disagreed 
entirely with this suggestion. The reciprocating steam-engine, the 
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gas- and oil-engine (constant pressure), the gas- and oil-engine 
(constant volume), had each its own standard of comparison which 
was certainly not the Carnot cycle, and he submitted that a standard 
was required for each distinctive type of refrigerating machine, of 
which the compression and absorption systems were of outstanding 
importance. He thought Mr. Morley quibbled over the expression 
‘‘ unavoidable loss.’’ LOSS or no loss, the Carnot cycle penalized 
this quantity very severely. Both Mr. Morley and Mr. Stokes had 
added to the value of both Papers by expounding Mr. Voorhees’ 
new cycle for CO, machines. 
He thanked Mr. Hal Williams (page 1133) for his contribution. 
He was glad that such an authority, both theoretically and 
practically, as Mr. Williams, had used the expression “obvious 
meaning,” because he (Mr. Anderson) had to admit that what was 
intended as a gentle reminder that much more interchange of 
opinions, of ideas and of actual results (research and practical) were 
required in  the refrigerating world, had raised a veritable hornets’ 
nest. Mr. Rathmell (page 1129), who had also sent a valuable 
communication, had, he thought, with respect to this point, summed 
up the situation rather well when he wrote “it might even be 
doubted whether such (manufacturer’s) experiments on the average, 
had gone any further than was necessary to establish to a 
firm’s satisfaction, the desirability or otherwise of introducing 
innovations.” 
In  conclusion, he would say that the discussion clearly indicated 
that a vast amount of research (published) was needed to bring the 
science of refrigeration up to the standard that obtained in  other 
branches of engineering, and he thought that  the Table given on 
page 1000, might as a result of the discussion be extended, by 
(9)  The physical constants and properties of the chief 
refrigerants. 
(h) The transmission of heat through coils under the varying 
conditions found in refrigerating practice. 
( i )  The specific heats and specific densities of calcium chloride 
brine at the varying temperatures and densities used in 
refrigeration, and also the best means of measuring the 
quantity of brine circulated in the machine. 
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(j) The volumetric efficiencies of compressors with particular 
reference to (I) the refrigerant used, (11) the amount 
of superheating under varying conditions, (111) the 
relation of diameter to stroke, (IV) the amount of 
clearance, and (V) the velocities of the gas wit,h respect 
to the valve openings. 
He  wished to thank the President and members of the 
Institution for their very cordial reception of his Paper. He 
appreciated the healthy and vigorous discussion which had followed 
the reading of the two Papers, and thought there could be no doubt 
that  interest in the subject had been greatly stimulated. 
Dr. GRINDLEY wrote, thanking the various contributors €or their 
very welcome criticism on his Paper. Referring to the early part 
of the Paper, when a new cycle of operations was described which 
would lead to increased performances of vapour-compression 
machines, the majority of the critics had assumed that he had 
put forward isothermal compression as a practical proposition by 
water-jacketing the cylinder only. Such was not the case. The 
author’s intention was to put forward the claims of a new and 
simple theoretical cycle, which offered advantages over the 
theoretical cycle to which present practice tended. The perfect 
attainment of this cycle under the ordinary practical limitations 
was clearly impossible, but, even in  an imperfect form, this cycle 
offered great advantages over the old one, and it was quite possible 
that this could be obtained by the water-jacket. The general 
assumption made by those who had discussed the new cycle was 
that the only alternative to isothermal compression was adiabatic 
compression, but the discussion had brought to light some evidence 
which showed that even with the present cycle, where the mean 
temperature of the vapour in the compressor was not much above 
that of the jacket-water, an interchange of heat did occur, so that 
a much greater interchange of heat should occur when the vapour 
in the compressor was a t  a temperature always higher than that of 
the jacket-water. The compression would then be quite different 
from the adiabatic assumed, and any heat whatever extracted from 
the vapour in the compressor meant increased performance of the 
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machine, for only with perfect adiabatic compression combined with 
the use of the interchanger wodd the theoretical performance fall 
to that of the old cycle of operations. 
A second method of approximating to the cycle would be with 
multiple-stage compression combined with intercoolers, as described 
by Captain Sankey (page 1068); and if Mr. Buckton’s remark 
(page 1111) that “it remained to be seen if a multiple-cylinder, 
high-revolution type of geared machine would oust the present 
partially standardized horizontal, long stroke, belt-driven machine 
from its present position ” should truly foreshadow developments, 
then the proposed cycle would be the one aimed at, and the increases 
in performance described in the Paper largely realized in practice. 
Professor Jenkin had given a most valuable criticism of the 
proposed cycle (page 1055), but his remark that the interchanger 
was of no use a t  all, unless at the same time one could do 
isothermal cooling, hardly covered the facts for the reasons stated 
above. Everybody agreed that isothermal compression was an 
ideal one only imperfectly obtained in practice, but any deviation 
whatever from the adiabatic towards the isothermal in the new 
cycle meant a gain in performance. He (Dr. Grindley) was glad 
t o  read Professor Jenkin’s note that, taking the comparison of 
compressor volumes per unit of refrigeration, the new cycle worked 
out best. Like Professor Jenkin, he would be glad to see some 
accurate experiments made to determine the heat properties of 
refrigerants, and he waited with much interest for the publication 
of Professor Jenkin’s work in this direction. 
The proposed cycle had received severe comment from Mr. Voorhees, 
who, along with Mr. Morley and Mr. Stokes, appeared to be pressing 
the claims of a further new cycle of operations. Mr. Voorhees 
said (page 1059) that adiabatic compression was the only alternative 
to isothermal cooling, and in his calculations on the cycle proposed 
by the author, besides this assumption of adiabatic compression, he 
unnecessarily increased the power required by 18 per cent. With 
other assumptions to which he referred as taking the figures in the 
fairest way, he concluded that a 20 per cent. loss of performance 
would result. His calculations on the cycle were incorrect, since- 
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(1) the adiabatic was not the only alternative to  the isothermal, 
and (2) the power and refrigerating effect per pound were given 
directly by the $4 diagram, and the power therefore did not need 
the 18 per cent. increase given by Mr. Voorhees. 
Mr. Morley (page 1125), who detailed the second new cycle 
referred to above, showed a T-$J diagram for the cycle in which 
the work done was given as a difference of two comparatively large 
quantities, one of which depended on the problematical position of 
a point E on the diagram. An increase of performance was shown 
of 13 per cent., but in saying that this gain in performance could be 
increased to 60 per cent. if the temperature of the interchanger 
were 0" C., Mr. Morley must be in considerable error, for his 
(Dr. Grindley's) calculations showed that it was the increase ip 
power, not performance, which went up 60 per cent., the increase 
in performance being not more than 16 per cent. 
Before commenting on the figures given in the Table on 
page 1128, which were repeated by Mr. Stokes on page 1131, it would 
be necessary to know full details of the experiments and method 
of comparison, for such large increases as shown in the Table were 
much greater than those shown to be probable by the T-$ diagram. 
The true test as to the value of a new cycle of operations was to 
compare the performance of machines specially designed to obtain 
the best out of each cycle. 
Among Mr. Willcox's very interesting remarks (page 1062) 
were found references to the subject of compound compression and 
stage compression with intercooling. He  (Dr. Grindley) could only 
express regret that Mr. Willcox gave no information as to the 
result of experimental work on these matters, for it must be 
obvious to him that, as Capain Sankey had remarked (page 1071), 
a mere recital of work done without giving results was not of much 
use in discussion. 
Captain' Sankey had shown in his valuable contributioii 
(page 1068) how stage compression with intercooling would reali,ze 
much of the gain in performance shown by the proposed cycle. 
He  (Dr. Grindley) had worked out the case of a simple two-stage 
CO, compressor with intercooler and working with the interchanger. 
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With temperature limits 10" F. and 88.5" F., as in the Table 
(page 1037), the gain in performance would be a t  least 18 per cent. 
over the old cycle, and with temperature limits 10" F. and 90" F. 
the increase in performance would be a t  least 27 per cent. With 
three-stage compression, these gains would be increased. The 
cycle proposed, however, was the limit to which the above stage 
compression tended when combined with intercooling between 
cylinders and undercooling by means of the interchanger, and he 
(Dr. Grindley) thanked Captain Sankey both for his criticism of 
the new cycle and for his advocacy for the use of the T-4 diagram, 
which was not always clearly understood and its advantages 
realized. 
He  (Dr. Grindley) quite agreed with Mr. Harrap (page 1071) 
that to gain economy in one part of a cycle and lose it in another 
was of no advantage, but he (Dr. Grindley) would point out that 
this was not what was proposed in the cycle he described. The 
precooling, which Mr. Harrap said was not used nowadays, had not 
been accomplished in the manner described in the Paper. 
The alleged unfortunate miscalculation by him (Dr. Grindley) 
of the great increase of power in the new cycle, as mentioned by 
Mr. Tyler (page 1079), was surely a more unfortunate miscalculation 
on Mr. Tyler's part. After the power expended and the refrigerating 
effect produced per pound of refrigerant had been calculated correctly 
from the diagram, Mr. Tyler proposed to increase this power by 
93 per cent., making W, = 34.5 instead of 17.9, and showing a 
resulting loss in performance of 26 per cent. for the new cycle. 
This increase of power by 93 per cent. was of course incorrect, for 
the 4-i diagram gave both the power and the refrigerating effect 
per pound correctly. 
Mr. Hodsdon (page 1081) raised the question of the value of 
water-jackets on CO, machines, and his remarks thereon have been 
of great interest, but he (Dr. Grindley) would like to point out 
that the experience with dry-compression machines bhat the water 
frequently left the jackets cooler than it went in, was shown by 
the r-4 diagram to be both possible and probable, since the mean 
temperature inside the compressor cylinder might be lower than 
41 
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that of the jacket-water. The practical higher limit of temperature 
in the cylinder was given by Mr. Hodsdon as 150" F. or 160" F., and 
he said that under such conditions the interchanger would be of no 
use. Even if this temperature limit could not be attained by a 
properly designed water-jacketed compressor, a two-stage compressor 
with intercooler could easily work below this temperature limit, so 
that Mr. Hodsdon's sweeping condemnation was unsound. 
The T-+ diagram for NH, shown by Mr. Hodsdon, when 
compared with that given on page 1046, showed the advantage of 
using skew co-ordinates when preparing such diagrams. With 
regard to the Table for the properties of NH, given on page 1051, 
Mr. Hodsdon had made some valuable remarks. He gave on 
Fig. 49 (page 1084) a number of lines showing the connection 
between the latent heat and the temperature as given by various 
authorities, and said that he (Dr. Grindley) was not fair in going 
outside a t  the right-hand bottom corner. He (Dr. Grindley) 
would point out that, so far as he was aware, most of these curves, 
for temperatures below 32" F. were based on slight experimental 
evidence, and it was his opinion when preparing the Table that the 
best experimental result on the value of L a t  any temperature 
below 32" F. was that of Franklin and Kraus, who found that 
a t  ordinary atmospheric pressure the latent heat of NH, was 
614 B.Th.U., and the temperature of evaporation - 27.4" F. This 
value of L was in fair agreement with the calculated result of 
van 't Hoff. Combined with this result, he (Dr. Grindley) had the 
results of Dieterici's experiments above 32" F., and the further 
data that the critical temperature was 266.9" F., the latent heat 
being then zero. The curve which best represented these results 
was given by the equation (1), page 1039, which when plotted over a 
range of temperature from - 40" F. to the critical temperature gave 
the curve shown on Fig. 59, on which the results of Dieterici 
experiments (given by Zeuner) and the figures given by Anderson 
were also plotted. He  could not think it probable, though of 
course possible, that the true curve would show a fairly sharp 
deviation to the left, as would be required if Mr. Hodsdon's 
suggestions were carried out. The large curvatures shown by the 
 at UNIV OF CINCINNATI on June 5, 2016pme.sagepub.comDownloaded from 
DRC. 1912. REFRIUERATINU MACHINE& 1145 
FIG. 59. NH,. 
Latent-Heat Temperatwe. 
- GRINDLEY 
@ FRANKLIN AND KRRUS 
- - - ZEUNER (DIETERICI) - - ANDERSON (GOUAULT) 
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lines marked Mollier and Ledoux on Fig. 49 (page 1084) also did 
not appear to him (Dr. Grindley) as probable, so that he was left 
with the data mentioned above as the best from which to construct 
the Table given in the Paper. 
Mr. Enocks remark (page 1098) that both vertical NH, and 
vertical CO, machines were sometimes made with water-jackets, 
and operated successfully, showed that there was some merit in the 
water- jacket even when working on the usual cycle. 
With regard to Mr. Knox‘s experience with refrigerating 
machines in the tropics (page 1114), he (Dr. Grindley) would like 
t o  say that it was with the object of making the working of CO, 
machines in the tropics more certain and efficient that he originally 
thought out the proposed cycle, for it was obvious that, with 
condensing water a t  the temperatures described by Mr. Knox, the 
advantage of using the new cycle, even in an imperfect form, must 
be very great, greater even than that shown in the Paper. 
With some of Mr. Morley’s remarks he had already dealt, but 
with regard to the symbols i and $ he (Dr. Grindley) would point 
out that the term “ thermodynamic potential ” was a general term 
applied usually to three functions, and one of these was the 
enthalpy of the Paper, which was identical with the “total heat 
function” of Clausius, the latter title being a really good one, as 
the definition of i would show. Another of these potentials was 
the function + of the Paper, which Duheim called the “ potential a t  
constant volume.” The third of these functions they were not 
concerned with. Since the Paper dealt with both i and +, he 
(Dr. Grindley) only referred to the latter as the potential. To 
construct the $ - i diagram, since for any particular condition of 
a substance we had $ = i - T+, values of 4 could be calculated a t  
once from the + - i diagram, for the latter gave simultaneous 
values of 4 and i for any temperature T in either the liquid, dry 
saturated or superheated conditions of the substance, and these 
values of $ could then be plotted against i. Rectangular 
co-ordinates were used, and the scale of i,k was greater than the 
scale of i, an obvious advantage since W (the power) was less than 
the refrigerating effect R. 
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As a useful check on the calculations, it was easy to see that $ 
had the same value for the liquid as for the dry saturated vapour a t  
the same temperature and pressure, thus in the liquid 
and in the dry saturated vapour 
hence 
but 
*w = i w  - T+w 
* = i - T +  . .  * - qw = 2 - 2, - T(+  - +w) . .  
z - 2, = H + APS. - (S + APS.) 
= H - 5  
= L  
L and T ( $  - $w) = T+8 = 7; = L 
so that 
I n  conclusion, he wished again to thank those members who took 
part in the discussion for their valuable criticism and kind remarks, 
and particularly to thank his old colleague, Mr. J. Wemyss 
Anderson, whose advice in ref rigeration matters had always been 
freely given to him. 
* - qw = L - L = 0 
or  1c, = q w  
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